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Abstract 
The small-scale wind turbine is considered as one of the most effective 
renewable technologies due to their potential to provide useful amount of 
electricity, particularly in ‘‘off-grid’’ settings as well as promising future 
prospects to decarbonise the power sector and ultimately stabilise energy 
security. Due to the huge potential of the wind resources and financial 
incentives, the UK is a promising region for small-scale wind energy 
development but there has been lack of comprehensive assessment of the 
wind resource for relevant locations. Thus efficient and low cost techniques 
are urgently needed to assess the resource potential since the long-term 
measurement techniques usually employed in the large-scale industry are 
very expensive and often not feasible for small-scale development. 
The research developed during this thesis focuses on cost effective 
techniques for predicting the wind resource using two main approaches, 
namely the boundary layer meteorology and measure-correlate-predict 
(MCP). These approaches were evaluated using a long-term dataset from the 
Modern Era Retrospective-Analysis and short-term onsite dataset from 
meteorological measurement station.  
To begin with, the performance of a modified methodology based on the 
boundary layer meteorology was evaluated at four UK sites, and the results 
were validated using traditional error metrics. Averaged across all sites, the 
percentage error in the predicted wind power density was found to be about 
25% due to the uncertainties associated with the choice of the input 
parameters. Although the result is very encouraging, it was concluded that 
such a method is better applied in a ‘‘preliminary’’ analysis to identify viable 
sites worthy of further investigation. 
To reduce these uncertainties, an MCP technique was utilised along with 
onsite measurements over a period of 12 months at a subset of 1 of the 4 UK 
sites, and the results show a significant improvement on the predicted wind 
speed and power density. Comparison of both approaches show that the best 
performing MCP approaches resulted in percentage error in the predicted 
mean wind speed and power density of 7.2 % and 12.9 % in contrast to the 
18.9 % and 17.0% obtained using the boundary layer approach. Seasonal 
trends, direction behaviours and frequency distribution were analysed and 
vi 
 
their characteristics reflected the general wind conditions across most UK 
sites.  
Based on the output of the wind resource assessment, the potential of a small-
scale vertical axis wind turbine (VAWT) was assessed using the double 
multiple streamtube model. VAWTs based on the Darrieus concept are 
potentially more efficient and economical, but those with fixed pitch blades are 
inherently non self-starting and are unsuitable for decentralised application. It 
is shown that the self-starting problem can be alleviated by a combination of 
a suitable aerofoil sections, solidity and pitch angles. The thesis provides a 
technique for inexpensive wind resource assessment where direct long-term 
measurements are not feasible. In addition, it provides a suitable solution 
strategy to the problem of self-starting in small-scale fixed pitch wind turbines. 
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 Chapter 1: Introduction 
1.1 Energy and Sustainability 
Energy is the mainstream of modern society, enabling everything from 
heating, lighting, computers and agricultural production through to 
manufacturing, medicine, and transportation. Future energy projections 
indicate that the Total Primary Energy Supply (TPES) should be increased to 
16, 3000 MTOE by 2030 (IEA, 2003). Thus, energy supply is critically a basic 
requirement for the development and sustenance of the global economies and 
societies. At present, among the main energy utilised by mankind is electricity. 
The World’s electricity production is projected to increase due to the 
improvement in the living standards of mankind along with industrial and 
economic developments around the World. Currently, about 78% of the world 
total energy consumption is produced by burning fossil fuels- coal, oil and 
natural gas (IEA, 2016). Although, these generation technologies are 
affordable and reliable and have been used increasingly for many decades in 
powering the World economies, they are finite resources which are non-
renewables and unsustainable. The proven fossil fuel reserves- oil, coal and 
natural gas  are currently estimated at 1.3 trillion barrels, 909,064 billion 
tonnes and 204.7 trillion cubic meters, respectively (IEA, 2016) in the world’s 
major fields, which at present rates of consumption will be sufficient to last for 
about 40 years (Sharma et al., 2012). Although, new discoveries of these 
resources could be made, the rate of discovery has been declining in recent 
years. Furthermore, the environmental catastrophes of fossil fuel consumption 
add another dimension to this problem. Fossil fuels emit greenhouse gases 
(GHG) and particulates to the environment which contributes to climate 
change, intensive rainfalls, floods and droughts (IPPC, 2007; Solomon et al., 
2007). Consequently, many countries and governments are advocating for 
sustainable energy systems that are both renewable and environmental 
friendly such as wind, solar, biofuel, geothermal, biomass, etc. The 
contribution of renewable energy technologies has been increasing in recent 
years, for example in 2012 the World relied on renewable energy sources for 
around 13.2% of its primary energy supply (IEA, 2013). In 2013 renewable 
energy accounted for almost 22% of the global electricity generation and 
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future projections foresee renewable share reaching at least 26% in 2020 
(IEA, 2016).  Renewable energy utilisation has some disadvantages as well, 
such as high cost and controllability (Jane, 2011). Some renewable energy 
systems are currently more expensive than the conventional energy sources 
and thus require some sort of government subsidy to make it economically 
viable to be exploited. They are also less controllable than fossil based 
technologies since the primary energy source cannot be controlled. The only 
exception to these limitations are geothermal, hydro and biomass. Therefore, 
the realisation of a low carbon economy through renewable energy 
technologies is technically and economically challenging. 
In the UK, the main source of electricity generation is from fossil fuels which 
account for about 27% of the total emissions (HM Government, 2011). 
Furthermore, the UK coal generation is heading to extinction as the 
government plans to decommission the ageing power stations (DECC, 2012). 
In addition, the government plan of diversification into other sources of energy 
(HM Government, 2011), the 2020 target of 15% of primary energy use from 
renewables (EC, 2009) and the 2050 commitment to reduce the amount of 
carbon emissions (CO2) by 80% compared to the 1990 levels present 
enormous challenges to the UK’s energy industries. Overcoming these hydra-
headed challenges requires the deployment of different ‘‘large-scale’’ 
renewable energy technologies in the coming years to decarbonise the power 
sector (HM Government, 2011). 
Among the several renewable energy sources, wind energy has been 
recognised as one of the most significant and attractive renewable energy 
sources due to its availability and prospects in climate change mitigation as 
well as the opportunity to stabilise energy security (Mustafaeipour, 2010; 
Akpinar, 2013). 
 In addition to these energy technologies, distributed energy sources such as 
the small-scale wind energy must also be fully exploited in order to increase 
access to cheap and sustainable energy systems (DECC, 2011). The small-
scale wind energy is often considered as one of the microgeneration 
technologies that can potentially provide clean energy sources for houses and 
buildings. The industry is rapidly growing, with a total generating capacity of 
over 102 MW at the end of 2012 (Renewable UK, 2013). However, in order to 
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make the small-scale wind turbine industry a huge success, several 
engineering challenges need to be overcome. 
Two of the most important of these challenges are the ‘‘accurate’’ assessment 
of the wind resource and the ‘‘installation of matching’’ wind energy conversion 
systems (wind turbines). An estimate of the wind energy potential is essential 
because it is the basis for determining the initial feasibility of any wind energy 
project and is ultimately vital for acquiring financing. However, predicting the 
wind resource for potential wind turbine installation presents a number of 
challenges and constraints such as accuracy, costs and timescales (WWEA, 
2013) as stated below. 
1.2 Challenges and constraints of Wind Resource 
Assessment  
A wind resource assessment, like other technical projects, requires careful 
planning and considerations that are guided by a clear set of objectives. It is 
often complicated by several factors, namely: the cubic relationship between 
the wind speed and power, the variability of wind speed at different times and 
seasons as well as the spatial variability in the mean speed. A small change 
in the wind speed often results in a large change in the wind power because 
of the cubic relationship between the wind speed and the power, which 
necessitates a highly accurate wind speed prediction. In addition, due to the 
temporal and spatial variability in the wind flows, long-term measurements at 
the planned project sites are generally required to reflect the true wind 
characteristics. The long-term measurements are utilised to produce the wind 
characteristics in the form of frequency distribution over a certain period of 
time, from which, long-term statistical averages of the studied site can be 
realised. These statistical representations of the wind speed, along with other 
estimates of the atmospheric variables, are used to characterise the resource 
potential of any specific site. The resource information, along with a specific 
wind turbine power curve, can be utilised to predict the average wind energy 
yield for a specific wind turbine and location. Supposing the performance of 
the wind turbine has been well characterised, the subject of wind resource 
assessment ultimately becomes one of the most important statistical averages 
which describe the wind flow pattern at a specific location or site.  
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The most reliable way to estimate the potential wind resource is to carry an 
out onsite long-term measurement campaign. For a large-scale wind project, 
long-term measurements over a period of about 2-3 years is required in order 
to obtain the adequate statistical information that represents the location wind 
pattern (Jain, 2011). However, for a small-scale wind energy project, long-
term measurements are not often realisable due to the huge investment cost 
and time associated with such a method (Jain, 2011). Consequently, potential 
customers must adopt an alternative method of estimating the wind resource. 
These methods should be cost effective and quick to implement, applicable to 
different kinds of sites, and should be reasonably accurate enough to reduce 
the degree of uncertainty and high project risks. 
1.2.1 Wind Atlas Methodology 
The wind atlas method is a traditional wind resource assessment technique 
which can be used to quickly determine the mean wind speed at any specific 
location. In the UK, two main wind atlases, namely the Numerical Objective 
Analysis of Boundary Layer (NOABL) and the National Climate Information 
Centre (NCIC) are widely used in the wind industry (Weekes and Tomlin, 
2013). The NOABL database comprises long term data sets of annual wind 
speed estimates for every 1 km grid square of the UK (Carbon Trust, 2008), 
at the heights 10 m, 25 m and 45 m, above the ground. The NOABL has been 
used increasingly over the years because it is freely available to the general 
public. However, these two databases have some issues in common. Firstly, 
while organography is taken into account in the development of the 
databases, they do not account for local variations in the roughness and 
ground effects. This implies that the models give a limited representation of 
the local topographical features which may have a significant impact on the 
predicted wind resource. Previous studies using the NOABL revealed an 
overestimation of the wind speeds, particularly for areas with a high surface 
roughness (Energy Saving Trust, 2009), and so various adjustment are 
required to account for these factors (Carbon Trust, 2008). As will be shown 
in Chapter 3 these correction factors presents a number of uncertainty in the 
predicted wind resource. 
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1.2.2 NOABL-Microgeneration Certification Scheme (MCS) 
method 
A new financial incentive and an increasing interest in self-generation of 
renewable energy is creating a potentially lucrative UK market for small-scale 
wind energy conversion system. However, to qualify for this incentive, the 
installation system products must be certified against some robust industry 
standards in the Microgeneration Certification Scheme that include MCS 010, 
MCS 011 and MCS 006 ( Renewable UK, 2010). These standards set out a 
method for applying a correction factors to the NOABL database where there 
are obstructions close to the proposed site (Renewable UK, 2010). While this 
method may offer an improvement in the prediction of the wind resource, the 
approach as will be shown in Chapter 4 has some limitations which could 
potentially exclude some suitable sites from development. 
1.2.3 Boundary Layer Methodology 
The principles of the boundary layer meteorology can be used to provide a 
more reliable estimate of the mean wind speed compared to those obtained 
from the methods described above. This method uses wind atlas as input and 
takes into account the local and regional roughness to reduce the margin of 
uncertainty in the predicted wind speed (Best et al., 2008, Weekes, 2014). 
The boundary layer approaches are promising since they can be utilised to 
assess the wind resource potentials at several sites without huge financial 
investment. However, there are a number of limitations which could potentially 
affect the overall accuracy of the predicted wind speed and power density 
(Weekes, 2012). While this technique can result in general siting 
recommendations to investors, they require site specific modelling which 
negates some of the benefits of a simple scaling method. Further, since they 
use wind atlas as input into the model, they tend to predict an estimate of the 
mean wind speed rather than the full wind speed distribution and this could 
potentially results in higher uncertainties in the predicted wind power. 
1.2.4 Hindcasting/Measure-Correlate-Predict methods 
Hindcasting methodology involves the process of generating the wind 
resource that predicts 10 or more years of wind data. It is a data-driven 
approach that uses onsite wind measurement for few a years and then these 
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measurements are correlated to reflect the long-term climatology of the site of 
interest (Jain, 2011). It should be noted that while the MCP technique has the 
potential of predicting the long-term wind resource using short-term 
measurement periods, it has not been widely investigated in the context of 
small-scale wind industry where measurement periods are significantly lower 
than 2-3 years. A similar technique to MCP approach may use forecast wind 
data as the target data in place of onsite measurements. 
 1.3 The reason for this research 
Firstly, as discussed in Section 1.1, wind resource assessment for small-scale 
wind energy project is constrained with a number of challenges such as 
timescales and costs as well as the availability of modern tools and 
instrumentations. These challenges have contributed to the lack of adequate 
site specific wind resource data and information. Ultimately, this has 
contributed to the installation of wind turbines at some sites that are not 
economically viable (Energy Saving Trust, 2009). 
The need for accurate wind resource assessment has been examined by 
several studies, for example the Warwick Wind Trials (Encraft, 2009) 
investigated the prospects of building mounted small-wind turbines across 
different locations in the UK. The study revealed the potential of using simple 
numerical method such as the NOABL in predicting the wind resource in a 
complex environment. In addition, the studies highlighted the challenges in 
predicting the wind resource using this method and the importance of 
choosing a viable location for potential wind turbine installations. Another large 
field trial of building mounted small wind turbines was performed across 
different sites in the UK by the energy saving trust (Energy Saving Trust, 
2009). The field test revealed the underperformance of many wind turbines 
and the significance of  installing these turbines at viable locations (Energy 
Saving Trust, 2009; James et al., 2010; Sissons et al., 2011). 
Ideally, due to the significance of year-to-year variations in the wind speeds, 
the small-scale wind industry should aim to adopt the rigorous process of 
large-scale wind industry in assessing a potential wind turbine site. However, 
to achieve this aim, high quality instrumentations and equipment’s are 
required. Such instrumentations should be able to function efficiently at 
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different locations and sites without the need for rigorous site-specific 
modelling. While this may appear to be a difficult task, it must be emphasised 
that the development of a small-scale wind resource assessment 
methodology does not translate to the same accuracy standard of the 
industrial wind resource approaches. However, the methodologies for a small-
scale wind resource assessment should be reasonably cost effective and 
accurate enough to determine the associated uncertainties and inform 
investment decisions.  
Secondly, the need for the provision of sustainable energy supplies is vitally 
important to all mankind. At the most basic level of human development, 
people need food, medicine, water, clothing and shelter over their heads. In 
most environment today, energy is required in the provision of these 
fundamental needs. Our modern society has relied heavily on the 
conventional energy sources (fossil fuels) to supply the bulk of this energy, 
but the increasing concern of hazardous greenhouse emissions along with the 
dwindling reserves of fossil fuels sources, the need for an environmentally 
friendly renewable energy sources become paramount. It is argued in this 
thesis that the small-scale wind turbine technology could play a significant role 
in the provision of sustainable energy systems. In particular, the vertical axis 
wind turbine with the Darrieus-type are examined and their potential in 
electricity generation for standalone or decentralised application is assessed. 
Furthermore, avenues to improve the performance of this concept of turbine, 
particularly self-starting are reviewed and evaluated. 
1.4 Vertical axis wind turbine (VAWTs): the need to self-start 
The vertical axis wind turbines (VAWTs) have numerous advantages over the 
horizontal axis wind turbine (HAWTs). The relative merits of these turbines 
are discussed in Chapter 2. The modern VAWTs are subdivided into two 
forms, namely Savonious VAWT and the Darrieus VAWTs, the later having 
either curved or straight blades. 
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Figure 1.1: Regions of negative tangential force experienced by a NACA 0018 
 blade  section at  𝜆=1.5 under static condition (dynamic stall and wake 
 effects are neglected). 
 
The Darrieus type VAWTs are potentially far more efficient and economical 
than the Savonious type but suffer from one major weakness. They do not 
self-start at low tip speed ratios 𝜆 due to the cyclical variation in the blade 
angles of attack 𝛼, so that the blades are frequently stalled and generate low 
or negative torque for most azimuthal positions 𝜃. As a result of this variation 
and other operating conditions, most fixed-pitch Darrieus VAWTs do not self-
start without an external mechanism to bring the turbine to an operating 
speed. This phenomenon can be visualised in Figure1.1 by comparing the 
angles of attack variation with the tangential force 𝐶𝑡 (𝛼) plot. At a tip speed 
ratio 𝜆=1.5, the blades enter into a region of negative torque often referred to 
as the dead-band (Baker, 1983) in the literature. This is again reflected by a 
dip region in the torque curve of the rotor shown in Figure 1.2. It is only at 
higher tip speed ratios 𝜆 about 3 and above that the blades remain unstalled 
and the turbine can achieve high efficiency. 
The severity of this dead-band depends on the design of the turbine including 
the aerofoil section used as well as other factors, namely the drive train friction 
and parasitic drag. Therefore, one of the objective of this thesis is to 
Ct < 0 
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investigate the methods of increasing the torque produced by the Darrieus 
VAWT at low tip speed ratios so that they may be able to reliably self-start. 
 
Figure 1.2: Hypothetical torque coefficient 𝐶𝑄 as a function of the tip speed 
 ratio 𝜆 showing the presence of a dead band. 
1.5 Aims and objectives of this research 
Accurate wind resource assessment is the linchpin of energy production 
simulations. Only direct measurement from within the project site captured 
with high level of confidence reflects the true wind conditions that determines 
the energy production potential. Without them, it is rare that wind energy 
investors or financial institutions will risk money on building a wind project or 
turbine of a significant size.  
Therefore, the main aim of this thesis is to accurately assess the wind 
resource at potential sites for the installation of a small wind turbine that is 
capable of self-starting without the aid of an external mechanism. This aim is 
vigorously pursued through two main approaches, namely: (i) development of 
a low cost design methodology to assess potential small-scale wind turbine 
sites and accurately predict the wind resource, and (ii) development of a 
Measure-Correlate-Predict (MCP) technique to predict the long-term wind 
conditions at a potential small-scale wind turbine site. It is believed that these 
approaches will offer flexibility to the wind resource assessment since it is 
tailored to the specific requirement of the project including the available time.  
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Specifically, the objectives of the thesis are as follows: 
(i) To accurately assess the wind energy potential and economic 
 analyses for small-scale wind power generation at some locations in 
 the UK. 
(ii) To determine the correlation between the measured wind speed at the 
 target site and some reference data. 
(iii) Using the results from objectives (i) to (ii), perform an aerodynamic 
 design of a small-scale vertical axis wind turbine based on the wind 
 resource conditions of the site. 
(iv) Investigate the avenues to improve the self-starting performance of the 
 turbine. 
The research objectives and the problems encountered, along with their 
possible solution methodologies, are summarised in Figure 1.3. 
1.6 Structure of the Thesis 
This thesis is divided into eight chapters, following a natural progression from 
problem definition to solution. Chapter 2 outlines the relevant literatures in 
utilising wind energy and begins with the background of wind power 
development. Next, an overview of wind energy is presented, including an 
explanation on the causes and variability of wind. Further, a brief review on 
the cost of wind energy is given, followed by the environmental impacts and 
reliability of wind energy. Next, a technical background, including the types of 
wind turbines, and the theoretical and real power in the wind are discussed. 
The wind resource and applications of wind energy systems are also 
discussed. The chapter culminates with the fundamental performance basics 
of wind turbine operations. 
In Chapter 3, analytical methods for wind resource assessment are presented. 
A detailed review for each of the approaches employed in the subsequent 
chapters is presented. 
Chapter 4 presents an evaluation of the onsite measurement approach to wind 
resource assessment. The performance of this methodology is evaluated 
quantitatively using observed wind data at four different sites. Based on this 
methodology, comparisons are made based on the economic evaluations and 
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energy estimations from each site. Some possible errors are predicted and 
discussed for future improvements. 
 
Chapter 5 extends the work of Chapter 4 through the prediction of the long 
term energy yield using a data driven approach, namely Measure-Correlate-
Predict (MCP). The MCP approach developed in this chapter is used to 
compare the performance of the long-term prediction with meteorological 
measurements at a target site. Using the output and climatological information 
from the wind resource assessment as a guide, Chapters 6 and 7 explore the 
fundamentals of designing a small-scale vertical axis wind turbine with straight 
blades. The design parameters, including the aerodynamic characteristics of 
the turbine, are discussed with reference to the simulation of rotors of VAWTs. 
A set of parametric studies of the designed rotor is then presented and 
discussed. The power coefficients, aerodynamic power on the blade are the 
Main research objectives:  To adequately assess the wind energy potential 
at some selected locations in the UK with a view to designing a small-scale 
wind turbine capable of self-starting based on the Double Multiple 
Streamtube Model.  
Requirements: Onsite wind measurements and experimental data which 
consist of wind speed variations, directions and standard deviations as well 
as blade measurements and flow conditions to validate the design. 
Problem Statement: Two main problems are encountered: 
(i)  Low utilisation of wind power in the UK with current provisional estimate 
 accounting for 7.7% of the major sources of electricity generation despite 
           huge wind resources. 
(ii)  The chosen turbine concept (VAWT) is inherently non self-starting. 
Possible solution methodology: (i) An extensive evaluation of the wind 
resource using boundary layer scaling methodologies and data driven MCP 
techniques; 
Figure 1.3: Problems encountered and possible solution methodologies 
proposed in this  thesis. 
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primary focus. Further, avenues for performance improvement of the 
designed turbine are presented. Firstly, the problems that affect the 
performance of the turbine concept, particularly its ability to reliably self-start, 
is considered. Evaluation of aerofoil profile as an avenue to improve the self-
starting characteristics is investigated in detail. The performance of the 
aerofoil is compared with traditional NACA symmetrical aerofoil in order to 
assess their self-starting performance. 
Chapter 8 highlights the main outcomes of the thesis, covering both the 
theoretical contributions to the small-scale wind resource assessment as well 
as wind turbines aerodynamics. The thesis concludes with suggestions for 
future work.
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Chapter 2: Literature Review 
This chapter presents a state of the art literature review on small-scale wind 
energy. The chapter is structured as follows: Section 2.1 gives a background 
on the use of wind energy for various applications, including power generation, 
the current market trends and future prospect of harnessing energy from the 
wind. Section 2.2 presents an overview of small-scale wind energy, including 
the definition of the term ‘‘small-scale’’. In addition, a review of environmental 
viability and reliability as well as the financial viability of small-scale wind 
energy are presented in this section. In Sections 2.3 and 2.4, the fundamental 
equations and analytical distributions required for describing the wind 
resource is presented. Section 2.5 highlights the energy needs that could be 
met by small-scale wind energy while Section 2.6 examines the boundary 
layer processes relevant to wind resource assessment, including the effects 
of roughness change in the boundary layer and additional complexities due to 
complex orography. Section 2.7 reviews vertical axis wind turbines, the 
advantages and disadvantages, including the design parameters that affects 
VAWT performance. Section 2.8 reviews the self-starting performance of 
VAWTs, including the definition of the concept ‘‘self-starting’’. In addition, 
various solution strategies to improve self-starting performance as well as 
previous studies on self-starting have been reviewed. 
2.1 Background 
The application of wind energy for power generation is not a new concept. 
Wind energy has been utilised for many centuries for mechanical power 
applications, water pumping, milling grain etc. The first accepted 
establishment of a windmill for power generation dates back to the tenth 
century when the first wind machines were built by the Persians between 500 
and 900 AD (Manwell et al., 2009). The machine has a vertical axis orientation 
and is powered by a drag force which pushes the turbine blades to generate 
power. The use of the Persian windmill for power generation subsequently 
spread throughout the Islamic world. In the 11th century AD, wind energy was 
utilised in Europe. These wind machines were horizontal axis wind turbines 
which were introduced from the Middle East. The machines were primarily 
used for mechanical operations, such as water pumping, grinding mill, sawing 
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wood, and powering tools, etc. By the 14th century, the Dutch were ahead in 
improving wind machines and subsequently utilised them for draining the 
marshes and lakes of the Rhine River delta (Dannemand, 1999). Wind energy 
was the fastest growing renewable energy technology in the 1990s, in terms 
of the percentage of annual growth of installed capacity. However, the growth 
rate of installed capacity is not equally distributed around the globe. For 
example, by the end of 1999, about 69% of the worldwide wind energy 
capacity was installed in Europe, while 19% was installed in North America 
and a further 10% was installed in the Asia and Pacific region (Ackerman and 
Soder, 2000). By the end of 2014, the global installed wind capacity increased 
significantly with a record-breaking output estimated 52,129 MW bringing the 
world total of installed capacity to 371,191 MW (GWEC, 2015).  
The market breakdown of wind energy development shows that the Asian 
market is leading in total installed capacity with more than 50.2% of the world 
newly installed capacity followed by the European market which accounts for 
more than a quarter of the global markets (25.8%). The North American 
market has a market share of 13.9% while the Pacific region, South America 
and Africa hold a total of 10.1% of the global market share. The market 
breakdown of the installed capacities is shown in Figure 2.1. In terms of the 
global total installed capacity to date, Figure 2.2 shows that the Asia has 
overtaken Europe as the leading wind energy installation region, and now tops 
Europe’s 36.5% share of the world fleet with 38.3%. North America is still in 
third place with a 21% share.  
Wind energy is forecasted to play an increasingly significant role in the future 
of the national energy portfolio (Ezio and Claudio, 1998),  and  according to 
Greenpeace, about 10% of electricity can be supplied by wind by the year 
2020 (Goselin, 2007). 
The wind turbines are among the best energy sources in terms of energy 
payback time (3-7 months) (EE A/S, 2004). Once the turbines are installed, 
their impact is virtually negligible, given proper design and consideration of 
the local site of installation and wildlife. These strong economic and 
sustainability features make wind power attractive from many perspectives. 
Turbine design has attained a very high level of sophistication, enabling the 
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production of 120m diameter, 5 MW turbines, installed both onshore and 
offshore. 
Progress from 5m diameter, 15 kW machines of the early 1980s to the present 
day evolutions has been possible by technical breakthroughs of the ‘‘Danish 
concept’’. Today, there are close to a million windmills in operation around 
different regions in the world. Modern windmills are called wind turbines and 
this is partly because of their mode of operational that is similar to the steam 
and gas turbines and partly to differentiate them from their ancient designs 
(Boyle, 2004). 
 
 
Figure 2.1: World wind turbine market breakdown for 2014 (Eurobserv’er, 
 2015). 
 
Figure 2.2: Cumulative breakdown of installed wind capacity at the end of 
 2014  (Eurobserv’er, 2015). 
Asia, 
50.20%Europe, 
25.80%
North 
america, 
13.90%
Rest of the 
world, 
10.10%
Asia
38.3%
Europe
36.5%
North 
america
21%
Rest of 
the 
world
4.2%
16 
 
2.2 Overview of Small-Scale Wind Energy 
2.2.1 What is a small-scale wind turbine? 
 
Small wind turbines are a class of wind turbines that are mostly used for power 
generation to supply remote, off-grid loads, such as homes, sailing boats, 
telecommunication systems, etc. They are mainly used in combination with 
batteries and/or diesel generating systems.  
According to Renewable UK, small-scale wind turbines are classified into 
three main categories, and these are shown in Table 2.1. 
Table 2.1: Classification of micro-medium wind turbines (Renewable UK, 
 2013). 
Rated Power(kW) Height (m) Sub-category 
0 < Prated  ≤ 1.5 kW 10-18 micro 
1.5 kW < Prated ≤ 50 kW 15-35 small 
50kW < Prated < 500 kW 25-50 medium 
 
This definition is a useful starting point for the modelling of the wind resource 
for small-scale wind turbine applications. Based on this definition, the hub 
height of a small-wind turbine is in the range 15-35 m. These hub heights are 
significantly lower than the large–scale turbines. Thus, wind resource 
assessment at these heights may be affected by topographical features. 
Hence, the prediction methodologies used in the large-scale wind industry 
may not be appropriate when applied to potential small-scale wind turbine 
sites due to the differences in the operating heights of the two turbines.  
Despite the attention given to large-scale industrial wind turbines, the markets 
for small wind turbines can be attractive, especially when the price of 
conventional fossil based electricity are sufficiently high, or in many 
developing countries where the majority of the communities live without 
access to electricity.  
The market for small wind turbines is dominated by off-grid applications and 
grid-connected applications. The bulk of the market for small-scale wind 
turbines in both developed and developing countries have been for small off- 
grid applications. They are mostly used for isolated applications, the most 
common of which is in rural electrification, professional applications 
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(telecommunications, etc.) and water pumping (Wood, 2011). There are other 
applications of small-scale wind turbines such as charging batteries in electric 
vehicles, producing hydrogen as an alternative to liquid fuels. However, these 
applications are beyond the scope of this thesis and will not be discussed 
further. 
2.2.2 Environmental Viability of Wind Energy 
Generally, the main motive behind investing in small-scale wind energy 
technology is to reduce the amount of carbon emissions to the environment, 
thus, it is necessary to know if small-scale wind energy has the potential to 
reduce environmental emissions. Wind energy can be regarded as an 
environmentally friendly energy source; however, it is not totally free of 
emission. For a wind turbine to be environmentally viable, it must be able to 
save a substantial amount of carbon throughout the project lifetime to replace 
the amount of carbon released during the manufacture of blades, tower and 
other components of the turbine as well as the transport of equipment’s for its 
installations. In order to establish environmental viability, two main processes 
must be accomplished, (i) a life cycle audit of the carbon emissions, and (ii) 
the predicted energy production over the lifecycle of the turbine. For a good 
understanding of these studies, the capacity factor of a wind turbine is 
introduced. The capacity factor is a fraction of the average power generated 
to its rated peak power as follows (Jain, 2011): 
Capacity factor = Average power / rated peak power                                         (2.1) 
The capacity factors are usually computed on annual basis from the actual 
energy produced from a wind turbine and measures the performance 
efficiency of wind turbines in any given location. It is a useful indicator when 
considering the environmental and financial viability of a wind turbine project 
since it allows a comparison of different turbines sizes to be made. A number 
of studies have been performed on the environmental viability of a wind 
turbine. For example, Allen et al. (2008) performed a life cycle assessment 
and energy potential for a 600 W capacity wind turbine based on onsite wind 
measurements at a height of 10 m. The study used a Meteorological Office 
wind database consisting of 26 sites and a correction factor was applied for 
turbulence based on both rural and urban areas. Their results revealed that 
the largest emissions emanated from building mounted wind turbines or the 
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scaffold pole in the case of the pole mounted turbines. Furthermore, the result 
show that the carbon payback was less than 15 years in urban areas. 
However, the adverse effect of heavy metal pollution was only compensated 
for in urban sites with the highest mean wind speed just over 5 m/s. 
Conversely, in rural areas, all pollutants were compensated for within the 
projected 15 years period even with the lowest observed mean wind speed. 
Overall, the displaced energy payback for the urban and rural wind turbines 
were found to be 3 and 0.6 years, respectively. The results were based on a 
capacity factor of 3% and 7% for the average urban and rural turbines, 
respectively. On the other hand, Celik  et al. (2007) investigated the life-cycle 
emissions of a higher rated capacity (7.5 kW) off-grid wind turbine. The study 
was undertaken at an urban area in Turkey using wind measurements. They 
found an energy and carbon payback time of 1.4 years and 0.7 years, 
respectively. 
The environmental viability of any wind energy will depend on a number of 
factors such as the chosen material for the construction of blades, the 
recycling process after the expected lifetime of the project is completed, and 
most importantly the wind resource. For instance, if the wind speed for a 
particular site is lower than the cut-in wind speed of a proposed wind turbine, 
such a turbine will not be environmentally viable, highlighting the importance 
of an accurate wind resource assessment before installation. 
2.2.3 Environmental Reliability of Wind Energy 
There are a number of concerns in recent years about the reliability of wind 
turbine installations that are frequently expressed, although a proper design 
and siting could lead to their mitigation. The main concerns include the 
following:  
Noise: early wind turbine designs are characterised with high noise, 
originating from blade aerodynamics and other mechanical sources in the 
system. Two-bladed turbines tend to produce more noise than three-bladed 
turbines (LDA, 2000). The noise impact can also be reduced with technical 
means, such as variable speed or reduced rotational speed of the turbine. 
This was taken into account in the choice of the number of blades and the 
value of the rotational speed in this thesis. 
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Aviation: siting the turbine away from flight paths reduces the possibility of 
collision with aircraft. National security might be threatened by blocking radar 
sites (Kirby, 2004) and may largely be reduced by radar placement and even 
stealth blades (Beck, 2004). 
Direct mortality: Birds are sometimes killed in collision with wind turbine 
blades, meteorological towers and power transmission lines at land-based 
installations. Turbine related bat death have been reported in several studies, 
see for example Powlesland (2009); and Kingsley and Whittam (2005). These 
impacts can be reduced by proper siting of wind turbines in the landscape and 
a good understanding of the signals that birds use for navigation (Dooiling, 
2002). 
Land Use: wind turbines are often known to cover a large area of wind farms. 
However, in reality it only consists of the tower bases, and any sub-stations 
that may be present. It does not pose any threat to animals and neither does 
it disturbs farming operations (Love, 2003). 
Visual Flicker: Accurate siting will mitigate sunlight shining through the turbine 
blades and casting a flickering shadow on occupants of buildings close to 
installation sites (LDA, 2000). 
Clearly, from these reviews, the reliability of wind turbines is based on the 
performance of its components under a given environment, manufacturing 
process, handling, and the stress and ageing process. Reliability is a 
probabilistic concept involving a product’s planned use, its operating 
environment and time. A number of studies have investigated the concept of 
reliability. Chands et al. (1998) had studied the expert-based maintenance 
methodology and suggested measures to ensure effective reliability of the 
wind turbine system. Denson (1998) analysed the failure causes for electronic 
systems and factors contributing to failure of components for electronic 
systems.  
These studies highlight the necessity of accurate wind resource assessment 
and robust turbine design that will ensure the maximum functioning of the wind 
turbine system. 
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2.2.4 Variability of Wind Energy 
 
Wind energy relies on the energy of the sun. A small percentage of solar 
radiation is intercepted by the Earth and is converted into kinetic energy which 
provides all of the earth’s energy requirements (Hubbert, 1971). The main 
cause of wind energy is the imbalance between the net outgoing radiation at 
high latitudes and the net incoming radiation at low altitudes. The nature of 
the resulting wind is affected by the Earth’s rotation, geographical features 
and temperature gradients (Burton et al., 2011). The use of wind energy 
implies that the kinetic energy of the wind can be converted to useful energy. 
Consequently, the economics of using wind for power generation are 
extremely sensitive to the nature of the local wind conditions and the ability of 
the wind turbine to reliably extract energy over a wide range of wind speeds. 
Due to the variation of temperature across different regions of the world, and 
the rotation of Earth, wind can be found almost universally. Several studies 
have investigated the variability in wind energy. For example, Rohatgi (1994) 
investigated the variability in the wind pattern and grouped them into different 
classes of general or plenary variability, winds high above the Earth’s surface, 
and local winds, being much closer to the surface of the Earth. General winds 
may include trade winds and the jet stream across a certain period of years, 
while local winds on the micro scale involve gusts that usually occur in 
seconds or minutes. Further, the variability of the wind is that it changes 
annually, seasonally, monthly and even daily. Due to this unpredictable 
variation in the wind pattern, the average wind speed at a typical location can 
change significantly up to twenty five percent annually (Gipe, 2004). The 
change in wind variability is even higher in complex terrains. However, the 
wind does exhibit some consistency, showing some diurnal and seasonal 
trends.  
Typically, in the UK, wind is stronger during the day than night and it is mostly 
calm during the summer and increases in velocity throughout the summer 
months of June, July and August, with winter months of December, January 
and February exhibiting the highest greater than average wind speeds 
(Environmental Change Institute, 2005; Renewable UK, 2013).  
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Clearly, these studies indicate that the wind speed is highly variable, 
highlighting the necessity of accurate wind resource assessment that will 
capture the different trends in the wind speeds. 
2.2.5 Financial Viability  
The question as to whether wind turbines are financially viable are much more 
difficult to address than the environmental viability discussed in the previous 
section. This is due to some strict policies and regulations by the UK 
government on the wind turbine and electricity markets which is having major 
implications for financial assessments (Weekes, 2014). 
Due to the relative infancy of small-scale wind turbine market, along with other 
uncertainties, it may be argued that many small-scale wind turbines may not 
be financially viable without some form of financial incentives from the 
government (Bahaj et al., 2007). In the UK, the Feed-in Tariff (FiT) system is 
the major subsidy for small-scale renewable technologies. At present, the 
Feed-in Tariff for small-scale wind energy is 8.53 p/kW h for installations up 
to 100 kW.  This amount is for every kilowatt hour of electricity generated with 
an additional 4.91 p/kWh paid for electricity exported to the grid (Energy 
Saving Trust, 2014).  
A few studies have investigated the financial viability of installing a wind 
turbine in the UK.  
Notable among these studies is the one undertaken by James et al. (2010). 
These authors reported that a 1 kW roof-mounted wind turbine, with a cost of 
£15000, would only achieve a payback within 10 years if it operated with an 
average capacity factor of 6%. The study incorporated the additional financial 
incentive available under the FiT program using a previous, higher tariff 
system. In all the wind turbines that were investigated, only those installed in 
rural areas were able to attain this level of performance. The turbines installed 
in urban areas performed poorly with a capacity factor as low as 3%, 
presumably due to poor siting decisions and low wind speeds (Energy Saving 
Trust, 2009).     
On the other hand, Sissons et al. (2011) performed a similar study with an 
impressive result. They used a 6 kW turbine at an investment and operating 
cost of £20000 and £400, respectively. The study also included FiT incentive 
and the payback time was shown to be 12 years with a higher capacity factor 
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of 12%. When the capacity factor was increased to 25%, the payback time 
was reduced to 7 years. These results indicate that the capacity factor that 
can be achieved is strongly dependent on several factors, namely the turbine 
rated capacity, the wind speed and hence the height, and the nature of the 
land surface. 
Based on the current market and financial support from the government, one 
can argue that small-scale wind turbines can be financially viable, particularly 
for the case of pole mounted turbines in rural locations which can achieve a 
quick payback period that is comparable to that for large-scale wind turbines. 
An additional point worthy of note is that since the energy production of a wind 
turbine is not linearly related to the turbine radius and wind speed, it is possible 
to achieve higher power production by ensuring that (i) turbines with higher 
rated capacity are installed, and (ii) turbines are installed at higher heights 
above local obstructions in order to access higher wind speeds. These 
important considerations favour the installation of pole mounted turbines in 
rural/ open regions where there are virtually no tall buildings and obstructions 
to hinder the wind flows. 
2.3 The Wind as an Energy Source 
Wind is created by uneven heating of the surface of the earth. Solar energy 
absorbed by land or water is transferred to the atmosphere. A larger amount 
of solar radiation is received at the tropics compared to the poles, which 
causes hot air to rise or sink depending on the latitude. These flows which 
occur 10 to 15 km above the Earth’s surface and are driven by the Coriolis 
force are responsible for the large-scale atmospheric circulation in different 
regions of the Earth (Jain, 2011). At these distances, within the range of 
heights of small-scale wind turbines, the frictional forces become particularly 
important causing large changes in the wind flow. Consequently, the 
prediction of the wind flow at these length scales tend to be difficult and 
strongly dependant on the nature of the surface (Jain, 2011). Thus, these 
effects must be taken into account when modelling the wind flows relevant to 
small-scale wind turbine in order to make the wind resource prediction more 
reliable and accurate. 
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2.3.1 Theoretical power in the wind 
The power in the wind is the total available energy per unit time. This power 
is converted into electrical energy by the rotation of the wind turbine blades, 
which in turn induces a rotating magnetic flux in the turbine generator. The 
equation describing the energy and power in the wind is expressed as follows 
(Ackermann and Soder, 2000): 
𝑃 =
1
2
× 𝜌 × 𝐴 × 𝑉3                                                                                                     (2.2) 
where  𝜌 = air density,  𝐴 = area of turbine blades, and  𝑉 = wind speed. 
The power in the wind depends on three factors, namely the density of the air, 
the area intercepted by the turbine blades and the cube of the wind speed. 
This cubic dependence is one of most important factor in evaluating the 
performance of a wind turbine at a particular site since a small change in the 
wind speed can produce a large effect on the power output of the turbine. In 
addition, since the power in the wind does not depend linearly on the wind 
speed, it is important to determine the shape of the wind speed frequency 
distribution as well as the mean wind speed in order to accurately assess a 
site wind resource. 
2.3.2 Real power in the wind 
The theory for utilising the real power in the wind was first proposed by Betz 
(1966). According to Betz, the maximum power that can be extracted from the 
wind can never attain the value expressed in Eqn. (2.1) regardless of the 
turbine design. Betz represented this effect by defining a power coefficient as 
follows (Burton et al., 2011): 
 
𝐶𝑝 =
𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟
0.5×𝜌×𝐴×𝑉3
                                                                                              (2.3) 
 
Using momentum theory, Betz established that the maximum power 
coefficient is equal to a value of  𝐶𝑝 =16/27=0.59. 
Hence, the maximum theoretical power in the wind is expressed as follows 
(Burton et al., 2011): 
𝑃𝐵𝑒𝑡𝑧 = 0.5 𝐶𝑝𝐵𝑒𝑡𝑧 × 𝜌 × 𝐴 × 𝑉
3                                                                              (2.4) 
According to the Betz theoretical equation, even if a power extraction without 
any losses would be possible, only 59% of the wind power could be utilised 
by a wind turbine. 
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In reality, the actual power from the wind turbine will usually be less than the 
Betz limit due to the time required for the turbine to respond to changes in the 
wind speed and direction; losses associated with conversion of energy 
processes as well as losses during the distribution of power to various 
sources. Since the power extracted from a wind turbine depends on the 
viability of the wind resource and the performance of the installed turbine, the 
Betz theory is a useful approximation for characterising a typical wind turbine 
site. 
2.4 Describing the wind resource  
It is widely accepted in the research community that there is abundant 
resource in the Earth’s winds to be harnessed for electricity generation 
(Marvel et al., 2013; EWEA, 1999). Several studies on the global wind 
resource potential have resulted in a phenomenal enhancement of knowledge 
of the wind energy resource. These studies show that the near surface winds 
on Earth that we can harness today for electricity generation, appears to be 
indicative of a potential, which in a sense is just the tip of the iceberg. The 
wind speed increases dramatically at higher altitudes, above about 2,000 m 
above ground level and up to 10,000 m. (WWEA, 2014). According to Acher 
and Caldeira (2009), the global average of the median wind power densities 
at 1,000 and 10,000 m are estimated at 422 and 2,228 W/m2, respectively, 
which implies that given a robust technology, wind in high altitudes can meet 
all the electricity needs on Earth in a reliable and sustainable manner. At 
present, most large-scale wind turbines are installed at a height below 100 m 
above ground level, but some turbines have been installed at a height of up 
to 120 m. Even at 80 m ABL, the resource potentials have been estimated in 
the order of 400 TW (WWEA, 2014). It must be emphasised that the global 
technical potential of wind energy is not fixed, but vary significantly over a wide 
range of timescales including annual, seasonal, daily and hourly. 
Since wind speeds vary considerably over time and space, statistical 
distributions of the wind speeds are required for analysing the wind resource 
rather than just the simple mean. The wind speed distribution, along with the 
wind directions and possible turbulence characteristics, can be used to 
characterise the wind resource potential at a particular region or location. 
Furthermore, because the power in the wind depends on the cube of the wind 
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speed, the shape of the wind speed distribution provides important information 
on the available wind power that could be exploited from a given site. The next 
section describes the choice of the wind speed distribution. 
2.4.1 The Weibull distribution 
Investigations into an appropriate statistical distribution of wind speed to 
represent the wind resource potential of a site has been on-going for over 5 
decades especially in the USA (Carta, Ramirez and Velazquez, 2009). During 
this period, several statistical distributions were proposed, namely univariate, 
bivariate, multivariate, bimodal and hybrid. However, in 1951 ‘A Statistical 
Distribution function of Wide Applicability’, was published by Waloddi Weibull, 
and this is what is today known as the Weibull distribution (Weibull, 1959). 
The Weibull distribution was initially applied in the field of failure analysis of 
materials but was later utilised by researchers for wind resource assessment 
(Carta, Ramirez and Velazquez, 2009). Presently, the Weibull distribution is 
regarded as the most widely used and validated empirical distribution (He et 
al., 2010) in the literature of climatic surface wind speed studies (Klink, 2007; 
Capps and Zender, 2008), and wind power assessment (Pryor and Bathelmie, 
2009; Ramirez and Carta, 2005) due to its success in describing different wind 
regimes. The probability density function (PDF) representing the Weibull 
distribution can be expressed as follows (Mirhosseini, Sharifi and Sedaghat 
2011): 
 
𝑓(𝑈) =
𝑘
𝑐
(
𝑣
𝑐
)
𝑘−1
𝑒𝑥𝑝 [− (
𝑣
𝑐
)
𝑘
]      𝑘 > 0, 𝑉 > 0, 𝑐 > 1                                       (2.5)                                                                                                            
where  𝑓(𝑉) is the probability of the observed wind speed  𝑉, 𝑘 is the 
dimensionless Weibull shape parameter, and 𝑐 is the Weibull scale parameter. 
It is important to note that the distribution is zero when the wind speed is zero, 
thus the Weibull distribution is not able to represent periods of zero wind 
speeds. 
The cumulative density function (CDF) is the fraction of time (probability) of 
the wind speed at a given location. It is represented by the integral of the 
probability density function as follows (Manwell et al., 2009; Mirhosseini, 
Sharifi and Sedaghat 2011): 
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𝑓(𝑉) = 1 − 𝑒𝑥𝑝 [− (
𝑣
𝑐
)
𝑘
]                                                                                     (2.6) 
The Weibull parameters characterise the wind potential of a site under study. 
Basically, the scale parameter 𝑐 indicates how ‘windy’ a wind location is and 
is a measure of central tendency (Pryor and Barthelmie, 2009), whereas the 
shape parameter  𝑘  is a function of the skewness and kurtosis of the 
distribution (Capps and Zender, 2008). A special case of the Weibull 
distribution is assumed when the value of  𝑘 = 2 and is known as the Raleigh 
distribution. The Weibull distribution is generally characterised by 𝑘 < 3.6,  
with a positively skewed curve. When the value of 𝑘 = 3.6, the Weibull curve 
resembles a Gaussian curve, and if the value of 𝑘 > 3.6 the Weibull curve can 
be described by a negative skewsness and will no longer have a long tail 
(Weekes, 2014). 
The Weibull parameters may be obtained from a line of best fit to the actual 
wind speed data using a number of well-established methods (Manwell et al. 
2009). Once the Weibull parameters has been computed, the wind speed 
probability density function (pdf) can be used to calculate the mean Betz 
power density, 𝑝
𝑑
 as follows (Manwell et al., 2009): 
 
𝑝
𝑑
= 𝐶𝑝0.5𝜌 ∫ 𝑣
3𝑓(𝑣)𝑑𝑣 =
∞
0
(
16
27
) 0.5𝜌𝑣3̅̅ ̅                                                                   (2.7) 
in which 16/25 is the Betz limit and 𝑣3̅̅ ̅ is the mean of the cubed wind speed 
which is defined according to the following equation (Manwell et al., 2009):  
   𝑣3̅̅ ̅ = 𝑐3. Γ (1 +
3
𝑘
)                                                                                                            (2.8)      
The mean wind velocity of a regime, according to the Weibull distribution, is 
expressed as follows (Manwell et al., 2009): 
𝑉𝑚 = Γ (1 +
1
𝑘
)                                                                                                                  (2.10)     
where Γ is the gamma function and can be expressed as follows: 
Γ = ∫ 𝑒−𝑥𝑥(𝑛−1)
∞
0
𝑑𝑥                                                                                 (2.11)                                                                                                       
 
The standard deviation of the wind velocity following the Weibull distribution 
is given as follows: 
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   𝜎𝑣 = 𝑉𝑚√
Γ(1+
2
𝑘
)
[Γ(1+
1
𝑘
)]
2 − 1                                                                             (2.12)                                                                                  
Furthermore, the expected energy yield from a wind turbine can be computed 
for a particular time 𝑡 with reference to the manufacturer’s power curve using 
the following expression (Manwell et al., 2009): 
    𝐸 = 𝑡 ∫ 𝑃𝑊𝑇(𝑢)𝑓(𝑣)𝑑𝑣
∞
0
                                                                                           (2.13)      
Describing the wind resource using the Weibull distribution is associated with 
a number of uncertainties. However, the distribution offers several advantages 
when compared to the other statistical methods. These advantages include: 
(i) greater flexibility in data manipulation and analysis to quickly determine the 
average annual production of wind turbine under a range of wind regimes, and 
(ii) the distribution allows the wind resource to be characterised in terms of 
mathematical parameters thereby making a simplified and accurate 
comparison between sites more relevant. 
A wide range of researchers have utilised the Weibull distribution to represent 
the wind resource. For example, Dahmouni et al. (2011) studied the wind 
resource potential at the Centre of Research and Technologies in Bora Cedria 
Tunisia using a Weibull distribution along with wind measurements obtained 
at two heights 20 m and 30 m. The study was undertaken between 2008 and 
2009 and the wind data were analysed and used to choose the best wind 
turbine for that site wind conditions. Gibescu et al. (2006) used a Weibull 
statistical distribution to evaluate the wind resource based on the 
measurement data from different weather stations and expresses the 
covariance between the locations as a function of their distances from the 
measurement stations. Zheng and Kusaik (2008) evaluated the wind energy 
potentials of a wind farm based on short-term onsite wind measurements 
using the Weibull distribution. Chandel, Ramasamy and Murthy (2014) used 
the Weibull distribution to assess the wind energy potential of a location. They 
provided a summary of the comparisons of some of the methods to evaluate 
the Weibull parameters 𝑘 and 𝑐. The discussed methods include the maximum 
likelihood, modified maximum likelihood, empirical method, equivalent energy 
method, graphical method and the moment method. Clearly, these studies 
indicate that the Weibull distribution is the most widely used statistical 
distribution in the analysis of the wind resource. 
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2.4.1.1 Methods of fitting Weibull parameters                                                                                                                    
Several mathematical techniques have been used for fitting the Weibull 
distribution to the measured wind data and a number of studies are abound 
that adequately compares the relative advantage of each methods. The most 
widely used and validated methods are the maximum-likelihood method 
(MLM), the least square or graphical method (Nedaei, 2014) and the method 
of moments (Chang 2011).  
Maximum-likelihood method (MLM) 
 
The MLM method fits a Weibull distribution to a set of measured wind speeds 
using an iterative method. The likelihood function 𝐿 is the joint density function 
of n random variable and the unknown distribution parameters. It defines the 
likelihood of observing the data as a function of the distribution parameters.  
For convenience, the maximum likelihood method is expressed 
mathematically in the log-likelihood function which transforms the expression 
in to a summation by maximising the log-likelihood function (lnL). This can be 
achieved by differentiating (lnL) with respect to 𝑐  and 𝑘 and equating the 
partial derivative to zero as follows (Seguro and Lambert, 2000): 
Using this method, the Weibull parameters can be estimated as follows 
(Manwell et al. 2009): 
𝑘 = [
∑ 𝑣𝑖
𝑘 
ln (𝑈𝑖)𝑁𝑖=1
∑ 𝑣𝑖
𝑘𝑁
𝑖=1
−
∑ 𝑣𝑖
𝑘 
ln (𝑣𝑖)𝑁𝑖=1
𝑁
]
−1
                                                                               (2.14) 
where 𝑣𝑖 is the wind speed in time step 𝑖 and 𝑁 is the number of time steps. 
Once the shape parameter has been found, the scale parameter is calculated 
as follows (Manwell et al. 2009): 
 𝑐 = [
∑ 𝑣𝑖
𝑘 𝑁
𝑖=1
𝑁
]
1
𝑘
                                                                                                      (2.15) 
The least square algorithm 
 
The least square or the graphical method involves the transforming of the 
Weibull cumulative density function to a linear representation in order to obtain 
the Weibull parameters using linear regression (Manwell et al. 2009). In reality 
this implies binning the data sets according to the wind speed resulting in a 
regression line that give equal weight to each wind speed bin regardless of 
the number of data points. Therefore, wind speed bins at the extrema of the 
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distribution may significantly affect the regression fit and the values of the 
Weibull parameters (Manwell et al. 2009). 
Method of Moments  
 
In this method, the coefficient of variation for the Weibull distribution can be 
expressed directly in terms of the Weibull parameters 𝑘 and 𝑐. These values 
can then be obtained iteratively by solving the equation. However, the main 
limitations of the method is the occurrence of large deviations in the estimator 
(Carta, Ramirez and Velázquez, 2009).  When the mean wind speed 𝑉𝑚 and 
the standard deviation 𝜎 of the wind data are used, the following equation can 
be obtained (Akdağ, and Dinler, 2009): 
(𝜎/𝑉𝑚)
2 = Γ (1 +
2
𝑘
) Γ (1 +
1
𝑘
)
2
− 1⁄                                                                              (2.16) 
The shape parameter can be calculated from this equation using Newton-
Raphson (NR) method as follows:  
𝑔(𝑧) = Γ(1 + 2𝑧) Γ(1 + 𝑧)2 − (
𝜎
𝑉𝑚
)
2
− 1⁄    →   
𝑑𝑔(𝑧)
𝑑𝑧
=
2Γ(1+3𝑧)
Γ(1+𝑧)2
[Ψ(1 + 2z) −
Ψ(1 + z)]                                                                                                                (2.17) 
                                                                                                                                                               
where 𝑧 = 1/𝑘.  
Nevertheless, k can also be estimated using the following approximation 
(Akdağ, and Dinler, 2009):  
𝑘 = (𝜎/𝑉𝑚)
−1.086, 1 ≤ 𝑘 ≤ 10                                                                      (2.18)                                                                                          
 
In wind resource assessment, the representativeness of a Weibull distribution, 
given a series of measured wind speeds may be assessed by evaluating the 
wind power density. Eqns. (2.16) and (2.17) can be used to compare the 
measured and Weibull estimates of the wind power density as well as provide 
the likely uncertainties (error) introduced through a fitted distribution in place 
of measured data. 
2.4.2 Alternative methods to the Weibull distribution 
Although the Weibull distribution is regarded as the most widely used wind 
speed distribution to represent the wind resource, it is not always justifiable 
from a theoretical point of view (Tuller and Brett, 1984). Thus, several studies 
have been published in recent years which argue on the validity of the Weibull 
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distribution by comparing the degree of accuracy of other methods in 
representing the wind resource. Unfortunately, some of these studies are 
based on wind data from either a single site or a small number of sites and 
hence the conclusion drawn from these studies may not be generalised. Some 
of these studies are reviewed as follows: 
Celik et al. (2010) compared the performance of five different wind speed 
distributions using wind speed data obtained at a roof-top in Edinburgh. The 
authors showed that a bi-modal Weibull distribution sufficiently described the 
measured data than the standard Weibull distribution. However, they warn 
that the general conclusions cannot be drawn from a single site with a specific 
topography. On the other hand, Chang et al. (2011) compared the 
performance of six wind speed distributions using wind speed data from three 
different sites in Taiwan. The results of the investigation showed that the 
standard Weibull distribution adequately described the wind resource except 
in some instances where the observed wind speed showed bimodality. 
Nedaei, Assareh and Biglari (2014) compared the performance of five wind 
speed distributions using wind speed data from Mah-Shahr station in Iran. 
They concluded that the standard Weibull distribution accurately described 
the wind speed distribution at the Mah-Shahr site. A more comprehensive 
investigation combining different techniques was performed by Carta et al. 
(2009). The study was based on a wide range of wind regime in Canary 
Islands, and from the study they concluded that, while the Weibull distribution 
has a number of limitations, it offers some advantages over the other 
distributions. The advantages include: (i) wide applicability in a variety of wind 
regimes (ii) requires only two distribution parameters, and (iii) greater flexibility 
in estimating confidence intervals etc. 
These reviews show that in the absence of information to other analytical 
distributions, the Weibull distribution provides a good starting point in the 
analyses of the wind resources at any location or region. However, if the wind 
speed data exhibits bimodality, it is possible that a different distribution 
method such as the Weibull mixture distributions will be appropriate to 
evaluate the wind resource. 
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2.5 Energy needs that could be met by small-scale wind 
turbines  
Wind energy can be utilised for different purposes and in different climates 
zones. The following section describe some energy needs that could be met 
by small-scale wind turbines.  
2.5.1 Off-grid applications 
The bulk of the market for small wind turbines (SWTs) in both developed and 
developing countries have been for small off- grid applications. However, this 
trend has changed in the last few years due to the growth of grid-connections. 
They are mostly used for isolated applications, the most common of which is 
in rural electrification, professional applications (telecommunications, etc.) 
and water pumping (Wood, 2011). In terms of technology, three groups of 
isolated systems using SWTs are distinguished in the following sections. 
2.5.2 Very small systems 
This class of SWTs have a generating capacity of less than about 1 kW 
(Paraschivoiu, 2002). They are mostly used for mobile applications, such as 
boats and caravans, and wind home systems (WHSs): the wind version of 
solar home system (SHS) used for rural electrification. 
2.5.3 Hybrid systems: 
 
Hybrid refers to the systems including wind generation and other generation 
sources (usually photovoltaic). The power requirements for this system is less 
than 50kW (Paraschivoiu, 2002). A diesel generator is used in many systems 
in this configuration as a backup system to the power. 
2.5.4 Wind-diesel systems:  
 
In this system the diesel engine generator (gen-set) plays a key role, not only 
as a back-up source but also as an integral component for proper control and 
functioning of the system. They are mostly used for large isolated applications 
(> 50 kW), and some systems in the MW range have been reported. 
A good example of the wind-diesel system is located in the Australian city of 
Esperance, consisting of eight diesel generators with a combined capacity of 
14 MW and two wind farms of 2.4 MW. These systems have been reported of 
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adequately responding to all power fluctuations caused by lightening in the 
region. At nights, with low system loads and high winds, the wind farms 
provide up to 75% of the total system load without any problems (Rosser, 
1997). There are also examples of other wind diesel systems all over the 
world. However, most of the projects are located in countries with low 
population density, such as Canada and Australia. 
2.5.5 Wind-pump systems: 
 
In 1500s, wind energy was used for water pumping applications. A good 
example of such an application is the watering of potato plantations in the 
Cretan plateau of Lassithi, and the wind pumps on the cattle farms in the 
American Midwest. Nowadays, in industrialised countries, wind energy is only 
scarcely utilised for water pumping. However, in developing countries, where 
many regions are not connected to the electricity grid, the utilisation of wind 
energy constitutes an economical and environmentally friendly option for 
improving the water supply. In developing countries, the majority of the 
operating wind pumps are currently applied for drinking-water supply and 
livestock watering. More recent approaches to use wind pumps for irrigation 
have failed and this is often due to the complexity of this application. 
Different designs of wind pump are used all over the world. Depending on the 
water location, e.g. underground water or surface water, the required pumping 
height and pumping volume, the water contamination and the available wind 
conditions, different pumps and different wind turbines can be used. Simple 
piston pumps, for instance, are often used in remote locations and eccentric 
screw pumps are currently tested in more advanced applications (Ackermann 
and Soder, 2000). 
2.6 Wind in the boundary layer 
An understanding of the wind flow in the boundary layer is necessary in order 
to develop analytical methods for wind resource assessment and therefore, a 
short review of the wind characteristics in the boundary layer is presented in 
the following sections. 
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2.6.1 The atmospheric boundary layer  
 
The atmospheric boundary layer (ABL), or planetary boundary layer (PBL), is 
a part of the troposphere.  At the top of the ABL, at a distance approximately 
1-2 km above the Earth’s surface, the wind flow is governed by the geostrophic 
wind, i.e the wind created as a result of an exact balance between the Coriolis 
force and pressure gradient (Stull, 1988). The ABL is strongly affected by the 
buoyancy forces caused by the solar heating of the Earth. The interaction of 
these forces results in turbulent mixing which is triggered by free or forced 
convection. Since wind speeds increase at higher altitudes from the surface, 
the result of the turbulent mixing is a transfer of momentum from higher to 
lower levels (Oke, 1987). In the case of unstable conditions, turbulent mixing 
tends to increase, thus causing a higher transfer of momentum as well as a 
reduced vertical wind speed gradient.  
Going down through the ABL, the effects of the surface roughness increases 
significantly and the wind speed changes from being geostrophic. The surface 
roughness effects cause turbulent stresses that spread upwards to create a 
shear in the vertical wind profile (Weekes, 2014). Due to the operating heights 
of small-scale wind turbines, as given in Table 2.1, they tend to be affected by 
these processes that occur in the lowest part of the ABL. A brief review of 
these processes are given in the subsequent sections. 
2.6.2 The inertial sublayer  
The significance of the initial sublayer (ISL) cannot be over emphasised in the 
study of small-scale wind energy. The ISL occupies the lower part of the ABL 
up to a height greater than the average height of the roughness elements and 
much lower than the top of the ABL (Best, et al., 2008). The two main 
characteristics of the ISL are that the shear stress is approximately constant 
with height and the vertical wind profile may be described using a logarithmic 
expression. The logarithmic wind profile may be developed using two main 
approaches, namely vertical flux of horizontal momentum (Oke, 1987) and 
simple dimensional arguments (Best, et al., 2008).  There is also a simplified 
approach based on the transfer of momentum as parcels of air that move 
between the different layers (Baldocchi, 2012; Millward-Hopkins, 2013). The 
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simplified approach based on the transfer of momentum can be obtained 
using the following mathematical formulations: 
For an air parcel with mean wind speed ?̅? moving through the initial sub layer 
(ISL) over a vertical distance 𝑙, the velocity fluctuations 𝑣′ can be expressed 
as follows (Best et al., 2008; Weekes, 2014): 
 
𝑣′ = ?̅?(𝑧 − 𝑙) − ?̅?(𝑧) = −𝑙
𝑑?̅?
𝑑𝑧
                                                                               (2.19)                                                                                              
in which 𝑧 is the height of the layer above ground level, 𝑙 represents the Prandtl 
mixing length. 
 
Using the formulation of Prandtl (Bradshaw,1975), Bradshaw developed a 
relationship between the vertical and streamwise velocity components to the 
vertical flow gradient with the boundary layer, Eqn. (2.19) can be written as 
follows: 
 
𝑣′𝑤′̅̅ ̅̅ ̅̅ = −𝑙2 [
𝑑?̅?
𝑑𝑧
]
2
                                                                                                                       (2.20) 
 
The Prandtl mixing length 𝑙 is related to the height above ground level with the 
von Karman constant 𝜅 (a constant of proportionality). 
Eqn. (2.20), along with the expression for the Reynolds shear stress 𝜏 in terms 
of the average of the fluctuating velocity components gives the following 
expression (Best et al., 2008; Weekes, 2014): 
 
𝜏 = 𝜌𝑣′𝑤′̅̅ ̅̅ ̅̅ ̅̅ =𝜌𝜅2𝑧2 [
𝑑?̅?
𝑑𝑧
]
2
                                                                                 (2.21) 
 
From this equation, it is possible to define a velocity at some reference height 
in which the shear stress is proportional to the square of the velocity (Oke, 
1987). This is called the friction velocity 𝑣∗ and it is given as follows (Oke, 
1987): 
 
𝑣∗ =  √(
𝜏
𝜌
)                                                                                                                   (2.22) 
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Combining Eqns. (2.21) and (2.22) and integrating produces a logarithmic 
vertical profile 𝑣𝑧 as follows: 
 
 
𝑣𝑧 =
𝑣∗
𝜅
[𝑙𝑛(𝑧) + 𝐴]                                                                                      (2.23)                                                                                                                
where 𝐴 is the integration which can be defined such that the wind speed is 
equal to zero at some given height, and where this height is equal to the 
roughness length 𝑧0 as follows: 
𝑣𝑧 =
𝑣∗
𝜅
𝑙𝑛 (
𝑧
𝑧0
)                                                                                                     (2.24)                                                                                                                           
Assuming that the wind passes through a rough surface, a correction factor to 
the height above ground level must be added in Eqn. (2.24) in order to account 
for the blocking effects of the obstacles. This can be achieved through a 
displacement a displacement height which tends to change the profile to a 
new height 𝑧 − 𝑑. The resulting equation is known as the log law and it is 
expressed as follows: 
𝑣𝑧 =
𝑣∗
𝜅
𝑙𝑛 (
𝑧−𝑑
𝑧0
)                                                                                            (2.25)                                                                                                                       
It should be noted that Eqns. (2.24) and (2.25) are only valid in neutral stability 
conditions but they can be modified by introducing stability factors in cases 
where this assumption does not hold. 
2.6.3 Internal boundary layer over a sudden change of surface 
roughness  
Eqn. (2.24) highlights the significance of the roughness parameter 𝒛𝟎 in the 
vertical wind speed profile. It implies that the wind speed profile in the inertial 
sublayer ISL is strongly affected by the roughness length 𝒛𝟎. This is due to the 
differences in the land cover which can potentially affect the wind flow close 
to the Earth’s surface. 
According to Kaimal and Finnigan (1994), the internal boundary layer IBL is 
defined as the layer of air that is in immediate contact with the Earth’s surface. 
Figure 2.3 depicts the development of an IBL from an abrupt roughness 
change. Above the internal boundary layer, the vertical wind speed profile is 
affected only by the upstream surface. However, within the IBL, the wind 
speed profile gradually adjusts to the properties of the local surface. Further, 
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downstream the developing IBL forms an equilibrium layer, where the wind 
flow is fully adjusted to the local surface.  
 
 
 
Figure 2.3: Sketch of the development of an internal boundary layer from a 
 smooth to rough transition. (Adapted from Rao et al. 1973). 
 
Several mathematical models have been developed to describe the 
development of an IBL as a function of the change in the surface roughness, 
see for example Elliot (1958), Rao et al. (1973) and Garratt (1990), etc. These 
models are derived from simple power laws based on the downstream surface 
roughness to more complex models that accounts for the upstream and 
downstream roughness changes as well as stability effects. Due to the 
different input parameters in these models, the predicted IBL depths tend to 
be large (Best, et al., 2008). The general rule for IBL development from 
smooth to rough transition is to use an IBM height to fetch ratio of 1/10, and 
since only a small fraction of this layer (about 10%) will be in full equilibrium 
with the downstream surface, this means that the equilibrium layer shown in 
Figure 2.3 has a height to fetch1 ratio of approximately 1/100 (Rao, et al., 
1974; Peterson, 1969). Conversely, transition from a rough to smooth surface 
is likely to have a smaller height to fetch ratio as the flow adjusts slowly to the 
direction of the smooth surface (Bradley, 1968). 
                                                 
1 Fetch refers to the uninterrupted distance over which the wind blows without a 
significant change of direction 
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In theory, the logarithmic vertical wind speed profile, Eqn. (2.23) can be 
applied above the internal boundary layer IBL and within the equilibrium layer 
if the heights of the IBL and the equilibrium layer are given, thereby making 
the prediction of the wind speed possible. 
2.6.4 Wind flow over multiple internal boundary layers  
In most situations, wind turbine sites are located in more complex 
topographies than the single surface roughness transition described in 
Section 2.4.3. Even in locations that are characterised with simple orography, 
the variations in the land cover may result in an upstream fetch that comprises 
several surfaces of different roughness elements. Assuming the sizes of these 
patches are such that the IBL is not fully developed before coming in contact 
with the next roughness change, the developing layer will interact with the 
surface layer resulting in a more complex wind flow (Best, et al., 2008). A 
pictorial representation of the development of regional internal boundary layer 
IBLs over a patchy surface is shown in Figure 2.4. 
 
 
 
Figure 2.4: Sketch of the internal boundary layers over terrain consisting of 
 well-defined repeating patches. (Adapted from Goode and Belcher, 
 1999). 
 
Following Wieringa (1976), a blending height may be defined, above which, 
the individual contributions from multiple roughness patches may be 
combined into a single average. Wind flows crossing this height are 
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considered to be fully adjusted to some effective roughness that is 
representative of the overall surface. However, the actual definition of the term 
‘‘blending height’’ has been debated (see Schmid and Bunzli, 1995; Mahrt, 
1996). According to Claussen (1990), the blending height should represent 
the height above which the wind speed variations associated with the 
roughness changes are negligible so that the wind flow follows the logarithmic 
profile characterised by the effective roughness change 𝑍0𝑒𝑓𝑓 and the effective 
friction velocity  𝜈∗𝑒𝑓𝑓 .  Hence Claussen (1990) associated the blending height 
with the depth of the internal boundary layers that develop downstream of the 
changes in surface roughness. It should be noted that the characteristics of 
the inertial sub layer (ISL), discussed in Section 2.8.2, may only be valid above 
the blending height, since below this height, the inertial sublayer ISL relating 
to each roughness patch may be invalid or partially developed (Cheng and 
Castro, 2002). Different rules are used to estimate a suitable blending height, 
for example Mason (1988) argued that a blending height of value of length/200 
is suitable but stresses that this value is only an approximate scale. In reality, 
the value of such a length scale in which this estimate is based may not exist. 
Also, Mason stated that the blending height marks an abrupt transition 
between the local and regional surfaces. Despite the inherent challenges in 
estimating the blending height, the value based on the concept of single 
blending height is still a useful approximation and, in many practical 
applications, these estimates do not have a significant impact on the predicted 
wind speed (Best et al., 2008; Goode and Belcher, 1999). 
The above discussion suggests that adequate measures must be taken when 
using the logarithmic vertical speed profile, namely Equation (2.23) to model 
any of the layer of the internal boundary layer IBL and suitable parametrisation 
of the roughness parameter must be applied. Further, below the blending 
height, the presence of multiple surfaces that the wind will have to pass 
through may result in large complexities that will further complicate the 
parameterisation of the surface. 
2.6.4.1 Blending methods 
As shown in Figure 2.4, wind flow above the blending height is significantly 
affected by the several surface patches and thus a procedure to determine 
the parameterisation of the spatially averaged roughness is required. To 
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achieve this, the effective roughness length 𝑍0𝑒𝑓𝑓 applicable above the 
blending height must be achieved. The roughness length 𝑍0𝑒𝑓𝑓 is defined as 
the roughness of an equivalent homogenous surface that would give rise to 
the same average stress as the homogenous surface (Mason, 1988). Two 
main approaches, namely the concept of source areas (Schmid and Oke, 
1990) and the blending method (Mason, 1988) can be used to derive an 
expression for 𝑍0𝑒𝑓𝑓. The later provides an intuitive method that can be applied 
directly to gridded land cover data over different terrains and the approach is 
now presented: 
Assuming alternating patches of the same size and different surface 
roughness, and making reference to Eqn. (2.23), the average surface stresses 
for these patches can be expressed in terms of the friction velocity as follows 
(Best, et al., 2008): 
 
𝑣∗
2 = 0.5(𝑣∗1
2 + 𝑣∗2
2)                                                                                (2.26)                                                                                                        
 
Combining Eqns. (2.22) and (2.264), the effective roughness length 𝑍0𝑒𝑓𝑓 can 
be determined in terms of the roughness length of the two surfaces and the 
blending height 𝑧𝑏ℎ as follows (Best et al., 2008): 
 
[ln (
𝑧𝑏ℎ
𝑍0𝑒𝑓𝑓
)]
−2
= 0.5 {[ln (
𝑧𝑏ℎ
𝑍0,1
)]
−2
+ [ln (
𝑧𝑏ℎ
𝑍0,2
)]
−2
}                                            (2.27)                                                         
                                                                 
in which 𝑍0,1 and  𝑍0,2  represents the roughness lengths of the two surfaces.                                                                               
 
For surfaces with multiple patches with varying sizes, Eqn. (2.27) can be 
written as follows (Best et al., 2008): 
[ln (
𝑧𝑏ℎ
𝑍0𝑒𝑓𝑓
)]
−2
= ∑ 𝐹𝑖 {[ln (
𝑧𝑏ℎ
𝑍0,𝑖
)]
−2
}                                                                     (2.28)                                                                                                                                                                        
 
in which  𝐹𝑖 indicates the fraction of the surface 𝑖 with roughness length 𝑍0,𝑖.                                      
Eqn. (2.28) is the standard expression for estimating 𝑍0𝑒𝑓𝑓 using techniques 
based on land cover data. 
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In developing a technique that is capable of downscaling the spatially average 
mean wind speed, the theories underpinning the blending height and effective 
roughness parameter discussed above leads to the idea of a regional and 
local downscaling which is discussed in the next section. 
2.6.4.2 Regional and local downscaling 
From the discussion in Section 2.6.2, wind speed at any specific height can 
be downscaled using a logarithmic wind speed profile and parameterisations 
of the regional and local roughness. There are two possible means of 
achieving this transformation. Firstly, the wind speed may be downscaled to a 
blending height by means of regional parameterisation. Secondly, a local 
downscaling can be applied using the surface roughness if the profiles match 
the blending heights. However, it must be noted that such a transformation is 
only a simplification since below the blending height the equilibrium layer may 
not cover the entire distance of the developing internal boundary layer IBL 
(see Figure 2.5). 
For the case of a regional homogenous rural region, this procedure reduces 
to the application of a single logarithmic wind profile using suitable rural 
roughness parameters. In cases where the regional area includes multiple 
patches of different roughness, the downscaling procedure must account for 
effective roughness change above the blending height. More difficult cases 
arise when the local area is situated at the coastal or the built environment. 
These areas introduces significant complexities in the parameterisation of the 
surface roughness and are beyond this scope of the present study.  
2.6.5 Wind flow over complex orography 
Orography plays a significant role in resource assessment and siting of wind 
turbines and it determines whether wind turbines are capable of reaching their 
expected design lifetime or their early failures (Ragheb, 2016).  
Obstacles such as ridges, trees, rock formations, hills and cliffs causes further 
modification to the wind flow that may not be considered in a simple boundary 
layer model. Adjustment of wind flows due to these obstacles results in speed-
up and flow retardation at the crest and leeward side of a hill, along with other 
complex flow alterations. The flow modification in the case of a uniform, 
isolated hill is schematically shown in Figure 2.6. Considering the case of a 
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moderate slope (< 17°), see Figure 2.6 (a) the wind flow over a hill remains 
attached (Oke, 1987; Taylor and Lee, 1984). On the hand, when the wind 
flows over a fixed height above the ground level the intensity of the  wind 
speed is greater at the crest than at the same height some distance upward 
the hill as shown in Figure 2.6 (b). This increase in speed is due to the 
compression of stream lines in the vertical direction (Oke, 1987) and a 
subsequent increase in the vertical wind gradient. However, in reality, the wind 
flow condition described in Figure 2.5 are significantly more complicated due 
to the topographical features of a hill which are rarely uniform. 
 
 
Figure 2.5: Wind flow over a hill with (a) moderate and (b) steep slope. 
        (Adapted from Taylor and Lee, 1984). 
 
Such topography introduces complex flow phenomenon which are 
increasingly difficult to model using simple modelling techniques. A wide range 
of techniques, namely Wind Atlas Analysis and Application Program (WAsP) 
DTU (2013), Windsim and 3DWind (Jain, 2011) are available that considers 
the effect of orography on wind flows.  
Complex orography at wind turbine sites can potentially complicate wind 
resource assessment based on the boundary layer meteorology and 
correlation approaches based on wind observations at correlated sites. For 
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the case of predicting the wind resource, the resolution of the input climatology 
will limit the size of the orographic features that can be resolved without the 
application of a detailed flow model. However, in the case of correlating to a 
reference climatology, complex orography may result in highly localised flow 
that is poorly correlated to nearby reference sites. 
2.6.6 Summary of boundary layer approaches 
The science of wind flows close to the Earth’s surface have been vigorously 
studied for many decades by several researchers, and in many simple 
situations these studies have revealed a deep understanding of the flow 
physics. Subject to certain limitations due to topographical features, the 
vertical wind profile can be modelled accurately by a logarithmic expression 
that accounts for the surface characteristics of the potential sites. At a point in 
the wind flow, known as a roughness change, an internal boundary layer (IBL) 
develops and the wind flow gradually adjusts to a new surface. This transition 
in the flow field entails that the logarithmic profile will be affected by upstream 
and downstream surfaces. Most often, multiple surface patches contribute to 
the changes in the surface roughness and this necessitates the use of 
blending methods to parameterise the effect of the overall surface above the 
blending height. Further complications are introduced by complex orography 
due to the nature of the wind flow in rugged terrain. 
As will be seen in Chapter 3, wind resource assessment approach can be 
developed based on the scaling of a reference climatology using the principles 
of the boundary layer meteorology. However, a number of assumptions and 
simplifications are required in order to fully apply the approach for wind 
resource assessment. 
2.7 Review of Vertical Axis Wind Turbines (VAWTs) 
The VAWT is a lift-based design, which implies that the aerodynamic torque 
is generated by the lift force of the blades. A clear visualisation of the 
schematic of a lift based turbine is shown in Figure 2.6. Each blade rotates 
around the turbine axis and possess a maximum lift only twice per revolution, 
thus resulting in a high torque and power output that is not found in horizontal 
axis wind turbines. The long blades of the vertical axis wind turbine causes a 
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natural frequency of vibration which must be avoided during operation in order 
not to break down the operation of the turbine. 
 
 
Figure 2.6: Plan view of a VAWT showing the lift L, drag D, and angle of attack 
 α, with freestream velocity 𝑉∞ (Adopted from Sharpe, 1990). 
 
There have been many designs of VAWTs which have attracted considerable 
research interest since the early 1970s and they can be broadly divided into 
two basic types, namely (i) Savonius type, and (ii) Darrieus type. These 
turbines were first patented in the 20th century and were then almost forgotten 
until the oil crisis of the early 1970s that stimulated a resurgence of interest in 
a wide range of renewable energy systems. A brief description of these 
turbines are given in the following sections. 
2.7.1 Savonius VAWT 
The Savonius-type turbine, shown in Figure 2.7, was invented in 1929 
(Savonius, 1931). The Savonius rotor is a drag-driven turbine that consists of 
two half cylinders/cups fixed to a central shaft in opposing directions. Each 
cylinder/cup catches the wind and so turns the shaft, bringing the opposing 
cylinder/cup into the flow of the wind. This process is repeated, thus causing 
further rotation of the shaft, which completes a full rotational cycle. The turning 
of the shaft produces torque and this is used to drive a pump or small 
generator (Islam et al., 2008). Despite the fact that these rotors are easy to 
manufacture, they have a number of limitations. The Savonius rotors are bulky 
and heavy compared to other types of wind turbines with similar power output. 
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They require a large area of blade material per unit swept area and are 
generally associated with a low power coefficient 𝐶𝑝 (Kirke, 1998). 
Generally, the typical values of the maximum power coefficient 𝐶𝑝 for other 
types of VAWT vary between 30 % and 45% (Ushiyama and Nagai, 1988) but 
the maximum attainable 𝐶𝑝 for Savonius rotor does not exceed 25% according 
to a number of research studies (see for example Kirke, 1998).  
 
Figure 2.7: Sketch of Savonius-type VAWT. (Adapted from Boss, 2012). 
Although some researchers have argued that the Savonius rotor can attain 
higher efficiency of up to 32%, there is no evidence in the literature to validate 
this claim. Therefore, it is concluded that the Savonius rotor is not efficient for 
electricity generation, and thus will not be considered further in this thesis, 
except as an auxiliary rotor to improve self-starting in a Darrieus rotor.  
2.7.2 Darrieus VAWT 
The modern Darrieus rotors are basically lift-based rotor which were first 
patented in 1931 (Darrieus, 1931) in the USA. The original design was fitted 
with curved blades of troposkein shape, which is similar to the shape of a 
flexible rope when twirled about a vertical axis. This kind of VAWT is also 
called the ‘‘eggbeater’’ as shown in Figure 2.8. The turbine consists of two or 
more aerofoil-shaped blades which are attached to a rotating vertical shaft. 
The wind flow around the aerofoil creates aerodynamic lift and generates 
torque Q which pulls the blade along. The troposkein shape, or eggbeater-
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type, VAWT is a fixed pitch design which minimises the bending moments in 
the blade due to centripetal acceleration and were massively deployed in 
California, USA in the past decades. 
However, the blade shape cannot completely eliminate the bending moments 
caused by the combination of aerodynamic, gravitational and inertial forces 
acting on the blade. There were also designs of the Darrieus rotor with straight 
blades (see for example Islam, et al., 2008; Patel and Kevat, 2013). 
 
 
Figure 2.8: Sketch of the curved-blade (or ‘‘egg-beater’’ type) Darrieus 
 VAWT (Adapted from Bos, 2012). 
The straight-bladed design is very attractive for small-scale wind turbines due 
to its simple design. A wide range of experimental testing and theoretical 
models have been developed for predicting the performance of a straight-
blade VAWTs (see for example, Howell et al., 2010; Dominy et al., 2007, Islam 
et al., 2007). However, whether the blades are curved or straight, the Darrieus 
VAWTs are haunted by several problems, including the inability to reliably self-
start if they are of fixed pitch. Furthermore, the aerodynamics of the Darrieus 
rotor is very complex, which makes accurate performance prediction difficult. 
Several ways to improve the performance of a fixed-pitch VAWTs have been 
suggested in the literature and are reviewed in Section 2.8. 
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2.7.3 Advantages and disadvantages of VAWTs relative to HAWTs 
The advantages and disadvantages of VAWTs relative to the HAWTs are 
presented in the following sections.  
2.7.3.1 Yawning 
 
The major advantages of the VAWT are their ability to accept wind from any 
direction. This means that the turbine does not require the orientation of the 
rotor toward the wind direction. Therefore, complex yaw mechanism, which 
are inherent in conventional upwind HAWTs is not required. Consequently, 
there is no power loss when the rotor is adjusted to the wind direction. 
Yawning is a major problem, particularly with large-scale wind turbine which 
have large inertia, and in regions where the wind direction changes abruptly, 
such as in sites with uneven terrain. The absence of a yawn mechanism 
simplifies the turbine design. According to Hansen et al. (1990), the failures of 
yaw driven subsystems have been associated as being one of the major 
causes of HAWT downtime in California. Furthermore, they have revealed that 
smaller turbines with a free-yaw (passive) system also experience a wide 
range of issues, such as overloading due to the excessive yaw rate and poor 
alignment with the wind direction. 
2.7.3.2 Power transmission to the ground level and reduction of 
mechanical noise 
VAWTs are well suitable to drive vertical transmission shafts to the ground 
level so the drive train can be located at or below the ground level for ease of 
installation and maintenance, and where sound insulation can easily be fitted 
to minimise noise in the environment. In the case of a HAWTs, a bevel gear 
could drive a vertical shaft to the ground, but this could add to the overall cost 
of the turbine and this is rarely done in practice. However, there are a few 
exceptions. Clausen et al. (1992) described a HAWT with a bevel gear drive 
to a generator mounted with its shaft at the top of the tower to avoid slip rings 
(Kirke, 1998). Using these configurations, the reaction torque emanating from 
the vertical shaft tend to yaw the rotor out of the wind, thus necessitating a 
larger tail or a stronger yaw mechanism. 
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2.7.3.3 Blade design and manufacture 
One of the design requirements of a HAWTs is that it needs taper and twist 
before it can be manufactured. This complicates the shape of the turbine. If 
for instance the blades are to be made from fibreglass, the most common 
material, expensive machining operations are required to produce the original 
plug for the mould. However, for the case of VAWTs, the blades are untwisted 
and may be of uniform cross-section if the aspect ratio is large, thus making 
them easy to manufacture. 
2.7.3.4 Aerodynamic noise 
 
Generally, the VAWTs tend to generate low aerodynamic noise because they 
operate at low tip speed ratios 𝜆 than do the HAWTs. As more small-scale 
wind turbines are being produced in recent years for various applications, 
noise is emerging as one of the major objections to wind turbine utilisation and 
so this point may be of important research interest. Although the HAWTs could 
be designed to operate at low tip speed ratios 𝜆 in order to improve the 
aerodynamic design of the blades in reducing the noise level. 
2.7.3.5 Self-starting 
HAWTs tend to self-start under no load conditions, although some HAWTs 
have been reported as having starting difficulties when coupled to a load. 
Conversely, the Darrieus-type VAWTs may fail to self-start even with no load 
conditions, depending on the characteristics of the design parameters such 
as the aerofoil section and the range of Reynolds number in which they 
operates. This is one of the major limitations of the VAWT and is partly 
addressed in this thesis. 
A number of studies have compared the VAWTs and HAWTs technologies to 
determine which is superior in terms of overall performance. The results are 
inconclusive-while the cost of energy for a HAWT may be less than that of a 
VAWT at a site with high positive wind shear and a prevailing wind direction, 
the cost of energy for a VAWT may be less at a site with low or negative wind 
shear or no prevailing wind direction. Furthermore, there are apparently not 
sufficient data in the public domain to address this question. FlowWind 
Cooperation in California, USA is the only company operating a significant 
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number of VAWTs, and these machines have been in operation for over 3 
decades. Thus, comparing these turbines with newer HAWTs will not be a fair 
comparison, even if the HAWTs were operating in close proximity to the 
FlowWind turbines, which of course is not the case.  Even if the VAWTs tends 
to produce less energy per unit swept area, if the cost of building them are 
cheaper, as claimed by FlowWind (Milborrow, 1995), they may produce a 
lower cost of energy. Each of these turbine models have strengths and 
weaknesses, and neither one is a clear winner in all situations. 
2.7.4 Vertical axis wind turbine design parameters 
The design parameters of a VAWT must be considered in terms of their 
influence on the overall performance, self-starting and other attributes as 
discussed in Section 2.7.3. The design parameters for a Darrieus VAWT 
performance are reviewed in the following sections. 
2.7.4.1 Number of blades  
The amount of power extracted by a wind turbine is strongly dependent on the 
wind velocity 𝑉 and the swept area 𝐴. Wind turbines can function efficiently 
with a single blade, but a counterweight would be required to balance the 
mass of the blade and this counterweight would generate parasitic drag. 
Furthermore, in a single blade configuration, forward torque, 𝑄 is not produced 
at all blade positions and so a single blade turbine will not produce the 
necessary torque required for self-starting. Thus, a single bladed turbine is of 
no interest to this thesis. Although a number of designs have been 
implemented with two blades, three blades offer some distinctive advantages 
for VAWTs in that cyclic variations due to the aerodynamic forces on the 
blades are significantly reduced. The cyclic variations are not a major problem 
with the large-scale wind turbines since the 300 kW rated capacity VAWTs 
manufactured by Heidelberg Motor and the 100 kW rated capacity VAWT 
manufactured by VAWT Ltd in the UK have two blades. However, a number 
of studies have reported alarming shaking of the towers of small-scale VAWTs 
at certain operating conditions (see for example Storer, 1981 and Crookes, 
1985). Islam et al. (2008) investigated the effects of the number of blades on 
the performance of small VAWTs. The results show that favourable load 
variations on the wind turbine may be achieved with more than three blades 
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although that will mean a higher manufacturing cost of the blades. 
Samaraweera et al. (2013) developed a theoretical model based on the 
momentum theory for small-scale wind turbines in stand-alone applications. 
They investigated the effects of the number of blades on the VAWT 
performance. It was found that an increase in the number of blades resulted 
in a significant improvement in the power coefficient of the turbine.  
The other reason that influences the choice of number of blades is aesthetics. 
It is generally accepted that three-bladed turbines are less virtually disturbing 
than the one or two bladed designs. Modern VAWTs for small-scale 
applications normally contain three blades, which is an optimum number of 
blades (Hameed and Afaq, 2012). 
 Based on the above discussion, a three bladed design will be considered in 
this thesis. 
2.7.4.2 Flow Curvature Effects and chord to radius ratio (c/r) 
Performance prediction of a VAWT with blades of a given aerofoil section is 
complicated in that a blade moving in a curvilinear path behaves differently 
from the same blade moving in a straight line. Darrieus VAWTs operate in a 
circular motion and thereby encounter flow curvature if the chord/radius (c/r) 
is high. This characteristic significantly affects the performance of the turbine 
(Pawsey, 2002; Migliore et al., 1980). Furthermore, at high tip speed ratios λ, 
the effect of the flow curvature increases (Mandal and Burton, 1994; Hirsch 
and Mandal, 1984). These aerodynamic challenges complicate the modelling 
of a VAWT.  
2.7.4.3 Solidity 
The solidity 𝜎 of a wind turbine is a measure of the ratio of the blade platform 
area 𝐴𝑏 to the turbine swept area 𝐴𝑡. For a straight bladed VAWT, the most 
popular definition of solidity 𝜎 is given as follows: 
 𝜎 = 𝑁𝑐/𝑟                                                                                                                                 (2.27) 
where 𝑁 the number of blades is, 𝑐 is the chord length and 𝑟 is the radius of 
the blade. 
This definition implies that the solidity of a wind turbine is a function of the 
number of blades and the size of the chord length, assuming that the rotor 
radius is held constant. 
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There is no clear definition of ‘‘high’’, ‘‘medium’’ or ‘‘low’’ solidity, but certain 
types of VAWTs fall into one or other group. The Savonius rotor and the 
traditional fan windmill are good examples of high solidity rotors, that is, the 
blade area covers most or all of the swept area of the blade.  As a general 
rule, high solidity rotors tend to operate at low λ, produce high starting torques 
and require more material but they are of less complicated construction than 
a low solidity rotor. These generalisations are further discussed in detail as 
follows. 
The large-scale wind turbine technologies use low solidity rotors, primarily 
because they do not require as much material and are less expensive to 
construct per unit of power delivered, but also they have high λ and so require 
less step-up gearing to drive the generators (Kirke, 1998). 
Between the extremes of high solidity (𝜎 ≈ 1) and low solidity (𝜎 ≈ 0.1), 
straight-blade VAWTs typically operate in the range 0.2 to 0.6 and can best 
be classified as medium solidity. Because low to medium solidity rotors are far 
more efficient and economical than the high solidity rotors, they are the logical 
choice for small-scale VAWTs development.  
2.7.4.4 Choice of an aerofoil section 
The selection of an appropriate aerofoil section can significantly improve the 
aerodynamic performance and self-starting characteristics of a wind turbine. 
The most commonly used aerofoil for VAWT research are the NACA four digit 
aerofoils such as NACA 0012, NACA 0015 and NACA 0018. These aerofoils 
were originally developed in the 1930s for the aircraft industries and have 
presumably been used for VAWT application due to the availability of their lift, 
drag and pitching moment coefficients see for example McCroskey (1987), 
thus making validation of the theoretical predictions easier.  
Several studies have examined the choice of aerofoils section for VAWTs 
applications. For example, Migliorer and Fritschen (1982) investigated the 
performance of different aerofoil profiles and their effects on Darrieus turbines. 
They found that the NACA 6-series blades can produce a broader and flatter 
power curve while the peak power coefficient is comparable to the NACA 4-
series. Further, they revealed that the energy yield can be improved by 17 to 
27%. 
51 
 
A wide range of aerofoil were proposed in the 1990s by researchers from the 
Sandia national laboratories, and these aerofoils consists of three sections, 
namely SAND 0015/47, SAND0018/50, and SAND0021/50 (Klimas, 1984; 
Berg, 1990). It should be noted that the designation of these aerofoils are 
similar to those of NACA00xx family. A number was added after a slash to 
designate an aerofoil that supports laminar flow. They were originally 
designed to be natural laminar flow (NLF) aerofoils due to the requirement that 
they should exhibit low drag at their operating range. Although, the geometries 
of these aerofoils, along with a few performance characteristics were 
presented by Berg (1990), but no comprehensive information on their 
coordinates and performance are available in the public domain. On the other 
hand, Islam et al. (2007) investigated the performance of symmetrical and 
asymmetrical aerofoils on a VAWTs. They reported that the asymmetrical 
aerofoils (cambered) are superior to the conventional symmetrical NACA 
sections. 
2.7.4.4.1 Aerofoil performance data 
 
Aerofoil performance data required for small-scale VAWT applications is 
significantly different from those for large-scale applications. Since the blade 
is usually small and has to operate with a low cut in wind speed, the Reynolds 
number that it encounters are comparatively low. Furthermore, the small-scale 
turbines encounters a high incidence angle than any other wind turbine. For 
example, the horizontal-axis wind turbine blades experience incidence angles 
in the range 0 ≤ 𝜃 ≤ 180. On the other hand, the Darrieus wind turbine 
experiences all possible angles of incidence. At very low tip speed ratio 𝜆 the 
blade operates in a complete full cycle that ranges from 0 ≤ 𝜃 ≤ 360 which 
reduces as the tip speed ratio 𝜆 increases. 
A comprehensive review of aerofoil performance data is conducted in this 
section. Special attention is focussed on the low-Reynolds aerofoils and high 
angle of attack test conditions in which the small-scale wind turbine operates. 
2.7.4.4.2 Low-Reynolds number performance tests 
One of the most comprehensive and reliable experimental data for use in low-
speed aerofoil aerodynamics studies is that provided by the UIUC Applied 
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Aerodynamics Group by Selig et al. (1995). A wide range of aerofoil tests at 
low Reynolds number show that flow over an aerofoil is associated with 
laminar separation bubble. The presence of this separation causes a 
degradation in the aerofoil performance and ultimately affects its ability to 
reliably self-start.  
The degradation is strongly dependent on two main factors, namely the 
Reynolds number and the geometry of the aerofoil section. According to the 
experimental investigations of Selig et al. (1995), the lift curve of most 
aerofoils does not follow a linear pattern and the slope is often lower than 2𝜋 
(which indicates that the increase in the lift force with respect to the incidence 
angle reduces) if the Reynolds number is low, normally less than 100,000. The 
hysteresis2 behaviour at around the stall angle is strongly influenced by the 
geometry of the aerofoil. For example, while the FX 63-137 aerofoil section 
shows a hysteresis behaviour, the NACA 009 and SD8020 did not (Selig et 
al., 1995). On the other hand, high lift profiles, such as the M6-13-128, which 
has a concave pressure distribution exhibited a longer separation bubble than 
the aerofoil sections that use a convex pressure distribution. A stronger 
separation bubble is expected for aerofoil sections with a concave recovery 
distribution (see Figure 2.9). 
 
                                                 
2 Hysteresis is an aerofoil aerodynamic characteristics that depends on the sense of 
change of the aerofoil angle of attack, near the aerofoil stall angle.  
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Figure 2.9: The effect of the laminar separation bubble on the hysteresis 
 behaviour of different aerofoils (adapted from Selig et al., 1995). 
2.7.4.4.3 Aerofoil performance tests at high angles of attack 
Small wind turbines usually encounter a high angle of attack during start-up. 
However, previous studies have been mostly focussed on the stall angle of 
the blades (see for example Abott et al., 1959; Selig et al.,1995).  
Sheldahl and Klimas (1980) presented comprehensive experimental data for 
several NACA symmetric aerofoils for use in VAWT aerodynamic studies. 
Their data were broader in scope than those encountered for aircraft 
applications. They studied the NACA profile blades between 0˚ to 180˚ angles 
of attack, and the data for both increasing and decreasing incidence were 
taken to show comparisons of the aerofoils performance. These tests were 
conducted at the same Reynolds number that were usually encountered by 
the large scale wind turbine and it ranges between 400,000 and 9000,000. 
One classic example of such a test was performed on NACA 0012 and can 
be visualised in Figure 2.10. From this test, the aerodynamic lift curve exhibits 
a second-lift- peak behaviour at an angle of attack of about 45° while the 
maximum drag occurs at about 90°. 
 
Figure 2.10:  (a) Lift, and (b) drag coefficients of NACA 0012 as a function of 
 the angles of attack (Adapted from Sheldahl and Klimas, 1981). 
 
(a) (b) 
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Timmer and van Rooij (2001) performed a test on two dedicated aerofoils for 
VAWTs applications, namely DU-96-W-180 and DU-97-W-300. The aerofoils 
were tested up to 90 degrees angles of attack at Reynolds of 700,000. Their 
results revealed that aerofoils exhibit different characteristics and that fully 
stalled and thicker aerofoils generate higher lift (see Figure 2.11). 
 
 
Figure 2.11: Lift and drag coefficients as a function of the angle of attack of 
 two DU aerofoil sections (reproduced from Timmer, 2001). 
2.7.4.4.4 Estimation of Aerofoil performance data at high angle of 
attack 
As noted above, small wind turbines operate at high inflow angles (360° range 
of angle of incidence), and since most of the available aerofoil polars (lift, drag 
and moment coefficients) are usually limited to small and medium angles of 
incidence (e.g. -20° to 20° angle of attack), estimation often has to be applied 
in order to extend to a wider range of angles of attack in which the small wind 
turbines operate. A wide range of approaches are available in the literature. 
Approaches based on the potential flow theory (such as those used in XFOIL) 
are only able to include viscous effects by semi-empirical models. Wind tunnel 
measurements are also complicated, due to the high blockage in the 
measurement section for high angles of attack. One possible way to overcome 
these complexities is to use aerofoil characteristics for normal operations and 
extrapolate them using the flat plate theory. This approach assumes that the 
aerofoil behave like a flat plate. The method is known as the Viterna method 
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(Viterna and Corrigan, 1981). However, experimental tests using high angles 
of attack on some aerofoils showed that aerofoils exhibit different 
characteristics even at stall regions (see for example, Ostowari and 
Naik,1984; Timmer and van Rooij, 2001), thus casting doubts on the validity 
of the Viterna method. Furthermore, Spera (2008) developed a model to 
extract the lift and drag coefficients of both stalled and unstalled aerofoils. 
Using this model, he analysed a wide range of aerofoils specifically for lift 
based operations and wind tunnel test at high angles of attack in a Reynolds 
number that ranges from 250,000 to 2,000,000 in order to obtain the 
aerodynamic coefficients of the aerofoils. Although his results provide a useful 
starting point for analysis of small-scale wind turbine, it is questionable 
whether such analysis can be applied to other aerofoils or in cases where the 
Reynolds number fall outside this range, particularly at lower Reynolds 
number. 
The above discussion indicates that although, a vast amount of experimental 
data is available, not all of them meet the required range of tests condition to 
fully investigate small-scale wind turbine performance and self-starting. Thus, 
further investigations on wind turbine aerofoils at suitable operating conditions 
are required. 
2.8 Review of self-starting  
As noted in Section 1.4, the Darrieus VAWTs typically produce very little 
starting torque when conventional aerofoil sections are used and even when 
the turbine begins to move they do not accelerate beyond a range of tip speed 
ratios (0.7 < λ < 2.7) where the power delivered by the turbine is significantly 
reduced (see Figure 1.2). 
Self-starting is not a major concern in the large-scale wind industry where 
most research attention has been focused in recent years. This is because 
the large-scale wind turbines usually have a larger chord and higher Reynolds 
number than the small-scale turbines. Most aerofoil sections perform poorly 
at the range of Reynolds number encountered by small-scale VAWTs and the 
performance increases significantly when the chord length is increased. The 
vast majority of the previous research has been focused on the development 
of mathematical models for predicting the performance of VAWTs and these 
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models have been compared with the available experimental results, but little 
attention has been given on the problem of self-starting. Now the literature 
relating to self-starting is reviewed in the following subsections. 
2.8.2 Reynolds number effects 
The Reynolds number defined in Eqn. (2.28) has two main implications for 
aerofoil performance.  
𝑅𝑒 =  
𝑈𝐿
𝑣
=
𝜌𝑈𝑙
𝜇
                                                                                                              (2.28) 
where 𝑣 =
𝜇   
𝜌
  is the kinematic viscosity, 𝑙 is the length scale. 
Firstly, the location of the transition point on the aerofoil moves forward when 
the Reynolds number is increased and secondly, the boundary layer thickness 
steadily increases at higher Reynolds number. This implies that a boundary 
layer can persist in stronger adverse pressure gradients before the onset of 
separation. 
Generally, aerofoil performance decreases at low Reynolds number which 
considering the direct relationship with the wind speed is particularly relevant 
for self-starting. The influence of Reynolds number on the aerodynamics of 
NACA symmetric aerofoil can be as much as 60% (Jacobs and Sherman, 
1937).  
An important factor for small-scale wind turbine design is the low Reynolds 
range (<106) in which they operate. Most studies in aerodynamics are 
undertaken for aircraft applications in which the Reynolds number lies above 
3x106. Experimental data in this range of Reynolds number (Re=3x106) are 
not publicly available.  
Several studies have examined the influence of Reynolds number on self-
starting, e.g. Watson (1979) used a single streamtube model with NACA 
aerofoil data at Re = 40,000, and reported that the turbine did not self-start 
without a Savonius auxiliary rotor.  Worasinchai et al. (2011) investigated the 
performance of several aerofoil sections at different Reynolds numbers and 
their results show that aerofoils are very sensitive to changing operating 
conditions. The lift produced by each of the aerofoil sections decreases 
significantly at low Reynolds number which affected the starting performance 
of the aerofoils. 
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From the above discussion, it is clear that one of the hindrance to a reliable 
self-starting is perhaps due to the performance degradation resulting from 
early laminar separation of the aerofoils at low Reynolds numbers which can 
potentially force the rotor to stall at most operating conditions. A situation 
where the vast portion of the blade trajectories reside in the post stall region 
and generates a net negative power coefficient or torque. 
2.8.3. Savonius auxiliary rotor 
Self-starting may be improved by a hybrid combination of Darieus-Savonius 
rotor (see Figure 2.12). The combination of the two turbines is aimed at 
boosting the performance of the Darrieus rotor at low operating conditions. 
Several studies have examined the subject of this combination. For example, 
Gavalda et al. (1990) combined a Savonius rotor to a Darrieus rotor at a hub 
height 20 cm and with diameters 13 and 40 cm, respectively. Their result 
showed significant improvement in the starting torque of the VAWT. However, 
the peak power coefficient (𝐶𝑝) was significantly reduced due to the secondary 
rotor (Savonius rotor). This is because the outmost section of the rotor blades 
begin to produce opposing torque at tip speed ratio 𝜆 > 1. To forestall this 
occurrence, and increase the peak power performance, the Savonious rotor 
may either be disconnected after start-up, or kept from attaining a certain 
maximum value.  
 
Figure 2.12: Schematic of a Darrieus-Savonius wind turbine where the two 
 rotors have a phase difference of ∆𝜃2 (reproduced from Bos, 2012). 
 
To achieve maximum efficiency of the hybrid structure, the Savonius rotor can 
be sized with reference to Figure 2.10 according to the following relations: 
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𝑅2 ≤ 𝑅1
𝜆2,𝑟𝑎𝑡𝑒𝑑
𝜆1,𝑟𝑎𝑡𝑒𝑑
                                                                                                                    (2.29) 
in which 𝜆1  and 𝜆2  are the rated tip speed ratios of the primary rotor (Darrieus) 
and the secondary rotor (Savonius), respectively.  
Since this equation limits the diameter of the secondary rotor, the only option 
to increase the torque output is to increase the height of the rotor. Wakui et al. 
(2005) performed an investigation of two different hybrid configurations of 
wind turbine where a Savonius rotor was linked with a troposkien-shaped 
Darriues rotor. The rotors were analysed using the momentum model and 
tested in a wind tunnel. In the first case, where the secondary rotor was held 
inside the primary rotor, the turbine was able to reliably self-start but the 
performance was limited due to the interference from both rotors. In the 
second case, the two rotors are separated and still contribute to the total 
energy produced. Unfortunately, this separation added more complication to 
the design and required a thicker shaft to support the structure. Clearly, this 
will increase the moment of inertia, thus requiring more torque to bring the 
turbine to the operating speed at start-up. 
From this discussion, it became clear that a Savonius auxiliary rotor can add 
a significant amount of torque at low speeds and consequently aids in the self-
starting of a fixed-pitch turbine. However, there is a penalty to pay for this 
configuration. Firstly, adding an extra structure will ultimately increase the 
overall cost which will not be economical for small-scale wind turbines. 
Secondly, the tower will have to be stronger and therefore there will be a huge 
impact on the appearance of the configuration. 
2.8.4 Blade thickness 
The choice of suitable aerofoil section is vitally important for both the start-up 
and optimum performance of a VAWTs. Thick aerofoils tend to be more 
resistant to bending and can be used in high wind speeds. Generally, they 
have good stalling characteristics as they tend to delay stall and generate 
more torque over a wider operating range. According to Jacobs and Sherman 
(1937), aerofoils of at least 18% thickness tend to produce more lift at lower 
Reynolds number. An increase in thickness will ultimately increase the aerofoil 
drag which in turn increases the operating range of the turbine.  
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The effects of aerofoil thickness on self-starting of a Darrieus VAWT have 
been examined by many studies, for example, Kirke and Lazauskas (1991) 
investigated the effects of different blade sections on the aerodynamic 
performance using the NACA 00xx aerofoil profiles. Their results show that 
increasing the thickness leads to an increase in the performance of the VAWT 
at low tip speed ratios, although the analysis was performed at a constant 
Reynolds number of 200,000. 
One major drawback of thicker aerofoils is the increase in the drag profile, 
which tends to be more significant at low angles of attack. In general, 
increasing the thickness beyond about 18% usually results in a loss in 
efficiency (Bos, 2012). This leads to a trade-off: thick aerofoil sections tend to 
increase the operating range of the angles of attack, thus resulting to a better 
performance at low 𝜆, but this will lead to a higher zero-lift drag coefficient 
which will ultimately affect the performance at high tip speed ratios. 
Furthermore, thicker aerofoil profiles tend to have higher suction peak 
followed by a strong adverse pressure gradient than the thin profiles. This is 
why thick profiles are significantly affected by bubble drag at low Reynolds 
numbers. 
From this discussions, it is clear that the thick aerofoil sections tend to 
generate more lift and possess better stalling characteristics than the thin 
sections and thus could potentially be an ideal candidate to improve self-
starting at low tip speed ratios 𝜆. However, they tend to have a wider drag 
profile as well the potential to cause separation at the upper surface of the 
aerofoil, a term known as laminar separation bubbles3. 
2.8.5 Cambered blades 
Early designs and development of wind turbines in the 1970s mostly used 
blades of symmetrical aerofoils from the US National Advisory Committee on 
Aeronautics (NACA), such as NACA 0012, NACA 0015, NCA 0018 sections. 
Although, these blade sections appear logical at first, it was later realised that 
they were unsuitable for self-starting applications. Cambered and specially-
                                                 
3 Laminar separation bubble is a phenomenon which occur at low Reynolds number and is 
caused by a strong adverse pressure gradient (pressure rise along the surface of the 
aerofoil), which makes the laminar bubble layer to separate from the upper surface of 
the aerofoil. 
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made aerofoils have been strongly advocated in the literature as an avenue 
to improve self-starting performance. These sections generally exhibits 
superior aerodynamic performance when compared with the conventional 
NACA symmetrical profiles. The net advantages of cambered aerofoils over 
the NACA symmetrical profiles are summarised as follows:  
(i) They possess high lift at low Reynolds numbers. The cambered 
blade sections produce higher lift at low Reynolds numbers than the 
symmetrical sections. With cambered aerofoils, the laminar 
boundary layer at low Reynolds numbers are more stable and 
resistant to transition. Also, the turbulent boundary layer for 
cambered aerofoils is weak and is able to tolerate only mild adverse 
pressure gradients (APGs). Therefore, the cambered aerofoils 
produce lift from high pressure on the lower surface of the aerofoil. 
In addition, they are less prone to separation, which causes the 
blade to stall.   
(ii) They exhibit larger stall angles. The stall angles of cambered 
aerofoil sections are higher than those of the symmetrical ones. 
(iii) Cambered aerofoils produce large negative pitching moments, 
unlike the symmetrical profiles. The large negative pitching 
moments indicate better aerodynamic performance (Kato et al., 
1981). Despite these advantages, Cambered profiles perform 
poorly at negative angles of attack. Since a blade spends an equal 
amount of time at both the positive and negative incidence angles, 
the choice for symmetrical aerofoils appear more logical at first. 
However, because of the induction velocities, the apparent wind 
speed is significantly higher at the upwind pass of the blade (0° ≤
𝜃 ≤ 180°), and since the power produced by a wind turbine is 
directly proportional to the cube of the wind velocity (𝑃 ∝ 𝑉3), the 
higher performance of a cambered aerofoil might outweigh the large 
drag produced at the downwind pass. 
At the start-up operation of small wind turbines, the performance of cambered 
and symmetrical blade sections is generally very prominent and some 
sections, specifically made to operate at low Reynolds number, have the 
ability to reliably self-start. This was investigated by Kirke (1998) by comparing 
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the performance of a NACA 0015 section with an S1210 blade4 profile. 
However, when the Re is increased, this effect reduces and this results in a 
significant decrease in the performance of the turbine. This was investigated 
by Islam et al. (2007), who predicted the aerodynamic performance of five 
different cambered aerofoils in comparison with a symmetrical NACA 0015 
section. The investigation revealed that, although the cambered aerofoil 
exhibits better aerodynamic performance during start up, the benefits of a thin 
and highly cambered aerofoil profile such as those of S1210, completely 
disappear at a later stage. 
Kirke (1998) performed an evaluation of the fixed-pitch straight blade vertical 
axis wind turbine (SB-VAWT) and established that self-starting difficulty can 
be eliminated if the aerofoil possesses high lift and low drag at a Reynolds 
number between 80,000 and 150,000. Unfortunately, the conventionally used 
symmetrical profiles exhibit a contrary behaviour in this range of Reynolds 
number and are not capable of self-starting (Islam, Ting and Fartaj, 2007). 
However, cambered aerofoils with thin sections can generate a considerable 
amount of lift in the same range of Reynolds number which could be utilized 
to increase the self-starting performance of SB-VAWT. Based on this 
information, Kirke (1998) investigated the performance of a cambered fixed-
pitch VAWT using computer simulations. The results from his simulations 
revealed an improved self-starting performance using cambered blades.  
 Despite the clear benefit of using cambered blades to enhance the self-
starting performance, they have one inherent weakness, namely the force 
produced by a cambered blade tends to fluctuate frequently during operation, 
and this can induce unnecessary vibrations. 
A number of studies have investigated the benefits of changing the blade 
camber, e.g. Baker (1983) studied the reason behind the lack of self-starting 
for a low solidity fixed-pitch straight-bladed VAWT by comparing the 
performance of a NACA 0012 blade with a Gӧ 420 and Worthmann FX63-137. 
The results showed that the Gӧ 420 possesses a superior performance 
compared to the NACA 0012 and FX63-137. Baker argued that the poor 
                                                 
4 The aerofoil profile (S1210) was originally designed for aircraft propulsion particularly in 
a heavy lift flight completion (Selig, 1995). 
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performance of the FX63-137 could be a result of its large camber which can 
be unfavorable to its performance. Baker concluded that for optimum power 
extraction, the use of cambered aerofoils was favourable because of their 
profile which could increase the upstream power performance where most of 
the power generated by a VAWTs are produced. He argued that such aerofoils 
could help in self-starting because cambering enhances the performance 
curve to lower tip speed ratios. McIntosh (2008) performed a parametric study 
of thicker and cambered aerofoils using a method based on the vortex model. 
The study revealed that the thicker aerofoils enhance the maximum power 
coefficient. The study concluded that, thicker aerofoils exhibit better 
performance, especially in gusty conditions than cambered aerofoils.  
Islam, Ting, and Fartaj (2007) noted that a large camber, or lack of it, will affect 
the initial start-up performance and ultimately hinder the ability of the turbine 
to go beyond the rated tip speed ratios. Tilman (2011) presented an 
improvement to VAWTs blades to aid the self-starting of an H-rotor VAWT 
using different aerofoil sections. The author concluded that a VAWT can 
achieve self-start through the use of cambered aerofoils at the low Reynolds 
numbers that are usually encountered by small-scale wind turbines. 
More recently, Danao et al. (2012) presented results on the effects of 
thickness and camber on the VAWT performance. The results show that 
thinner symmetric sections produces higher maximum power coefficient while 
the cambered sections improve the performance of thick aerofoils. 
Kunz and Kroo (2000) argued that the aft shift of maximum camber causes a 
less severe reduction in the lift past the unstalled region, higher attainable lift 
coefficients and high lift-drag ratios. They revealed that the aft cambered 
sections exhibit separation at lower angles of attack due to the deep stall 
adverse pressure gradient near the trailing edge, and the extent of the 
separation grows very slowly as the angle of attack increases. However, an 
experimental investigation by Selig et al. (1996) showed that the performance 
of cambered aerofoils decreases with an increase in the Reynolds numbers 
or higher cambers. 
Moreover, Classens (2006) designed an aerofoil designated as DU 06-W-200 
to comply with the Delft University of Technology aerofoil designation system. 
The main aim of his design was to investigate the aerodynamics of a VAWT 
63 
 
and to improve the NACA 0018 airfoil for the small-scale wind turbine 
application. However, the final result of his work produced a specially made 
cambered airfoil which is 20% thicker and contains 0.8% camber (Classens 
2006). Classens compared the performance of the new airfoil with the 
conventional NACA 0018 and made the following conclusions: (i) The 20% 
thickness and the added 0.8% camber significantly increased the strength and 
performance of the blade with respect to a non-cambered airfoil; (ii) The DU 
06-W-200 exhibited superior performance at positive angles of attack. 
However, at negative angles of attack, the performance of the DU 06-W-200 
is the same as that of the NACA 0018; (iii) The DU 06-W-200 shows higher 
maximum lift coefficients for positive angles of attack, thus resulting in a wider 
drag bucket; (iv) The DU 06-W-200 is resistant to laminar flow separation and 
does not stall at low Reynolds numbers, and this is in contrast to the NACA 
0018. 
 From these studies, one can argue that the use of cambered aerofoils offer a 
better prospect to alleviate the problem of self-starting, provided that the 
camber is not too large. However, cambered profiles tend to decrease the 
tangential force at a small angle of attack when symmetrical aerofoil are 
employed. 
2.8.6 Rotor solidity 
Increasing the rotor solidity is a known strategy to increase the output torque 
and by extension the self-starting performance of a wind turbine. The rotor 
solidity, 𝜎, given in Eqn. (2.27), describes what fraction of the swept area that 
the turbine sweeps through. A low rotor solidity implies that the blade has less 
area interface with the wind and therefore it has to depend on a high tip 
speed 𝜆 to cover the same swept area, thus producing less torque. 
Conversely, a rotor with a high solidity 𝜎 operate at a low tip speed ratios 𝜆 
and produces more torque. Thus, machines requiring a high starting torque, 
such as pumps, are usually connected to a high solidity rotor. However, for 
electricity generation, low to medium solidity is often the preferred choice 
since a higher solidity reduces the difference between the rotor speed and the 
electrical frequency (Bos, 2012). 
Therefore, according to the solidity definition in Eqn. (2.27), two strategies of 
increasing the rotor solidity of a turbine with the radius 𝑅 are: (i) to increase 
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the number of blades, and (ii) increase the chord length. However, as noted 
in Section 2.7, departing from a three bladed design can be disadvantageous 
due to a number of reasons. Firstly, increasing the number of blades to be 
more than three will ultimately increase the overall cost of the turbine, the 
weight and the inertia. Secondly, an even number of blades will increase the 
cyclic variation because the aerodynamic forces generated by opposing 
blades will tend to peak in the same direction and phase. Finally, three bladed 
turbines are generally more aesthetically pleasing than one or an even 
number of blades (Stankovic et al., 2009). 
On the other hand, increasing the chord length of the aerofoil will result in a 
corresponding increase in the blade weight. Furthermore, the Reynolds 
number increases when the chord length 𝑐 increases, thus resulting to an 
improved performance of the aerofoil. However, when the blade is operating 
at a higher tip speed ratios 𝜆, then the gain of having a larger Reynolds 
number due to a large chord can easily be lost when the blades are operating 
at a low tip speed ratio. 
Several studies have examined the influence of rotor solidity on the VAWT 
performance, for example, Musgrove and May (1979) investigated the effect 
of rotor solidity on a VAWT. They revealed that a VAWT with a rotor solidity 
𝝈 = 0.6 and aspect ratio 𝐴𝑅 = 4 produced large torque through the dead band, 
and this is unlike an earlier design with 𝜎 = 0.17 and high aspect ratio 𝐴𝑅.  
They attributed the improved self-starting performance of the later turbine to 
the increase in the rotor solidity and decrease in the aspect ratio. 
Kirke (1998) investigated the effects of rotor solidities on the aerodynamic 
performance of an aerofoil and concluded that very high solidities are not 
desirable as they produce low power coefficients and a very narrow 
performance curve. Consul et al. (2009) studied the influence of solidity by 
varying the blade number on a tidal turbine using two and four blades. The 
results show that the power coefficient 𝐶𝑝 increases from 0.43 for a solidity 
𝜎 = 0.019 to 0.53 for a solidity 𝜎 = 0.038. There was also a peak shift from the 
tip speed ratio λ = 6 to λ = 4 as the solidity 𝜎 increases. The authors argued 
that four bladed turbines cause larger impedance, which results in a reduction 
in the streamwise flow velocity between the lower and higher 𝜎 configurations. 
Lower flow velocities consequently reduce the maximum angle of incidence 
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perceived by the blades. This has significant effect on the blades stalling.  At 
high tip speed ratios λ, the low incidence angle limits the power take off and 
this results in a lower power performance.  
The effect of solidity was also examined by McIntosh (2008) using the free 
vortex model. His results revealed that the maximum power coefficient was 
attained for a medium value of solidity 𝜎 between 0.2-0.25 and a sharp drop 
in the maximum 𝐶𝑝 for 𝜎 less than about 0.2. The author argued that the low 
𝜎 produces a soft power curve with flat tops, low gradients and higher optimum 
tip speed ratios λ, while high solidity 𝜎 generate narrower power curves with 
lower optimum λ. Therefore it follows that the solidity 𝜎 dictates the rate 
between high and low performance turbines. 
More recently, Li and Yan (2010) investigated the effects of the static and 
dynamic performance of solidity 𝜎 on straight bladed VAWTs. They argued 
that, for the static torque performance, increased solidity 𝜎 increases the 
average static torque coefficient in one rotational period of the VAWT, which 
could enhance the starting performance of the VAWT. For the rotational 
condition, they stated that medium solidity achieves maximum power at lower 
values of the tip speed ratios λ. However, for large values of the tip speed 
ratios λ, it was observed to decrease the power coefficient substantially. The 
study concluded that even for the same solidity, the different combinations of 
blade numbers and the chord affects the power performance of straight bladed 
turbines.  More specifically, Koksal et al. (2004) and Islam et al. (2008) 
reported that the value of the solidity should be chosen between 0.1 - 0.24 for 
straight bladed small-scale VAWTs having three or more blades. Furthermore, 
they concluded that higher solidity turbines potentially affect the flow fields 
around the straight bladed turbines and thus results in an increase in the 
power performance but at the same time increases the torque production on 
the blade.  
Clearly, from the above discussion, increasing the solidity will depend on three 
factors, namely, the number of blades, the chord length and the radius of the 
turbine. As an added cavet, an increase in the solidity would be more 
accurately described as an increase in the chord length. If the solidity is 
increased by reducing the radius rather than increasing the chord length, there 
is likely to be no significant improvement in the starting torque (Bos, 2012). 
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2.8.7 Leading/Trailing Edge 
Another reliable approach to mitigate the problem of self-starting is to use 
aerofoils with a large leading edge5 or sharp trailing edge6. Aerofoils with 
larger leading edge radii tend to exhibit higher performance for smaller-scale 
VAWTs (Islam, Ting, and Fartaj, 2007; Liang et al., 2014). This characteristic 
enhances the performance of the aerofoils as it tends to increase their lift-drag 
ratio, particularly at large angles of attack (Liang et al., 2014). However, using 
thick leading edges at low Reynolds numbers is often associated with high 
pressure peaks which has the tendency to affect the aerodynamic 
performance of the turbine. On the other hand, minimum drag coefficients of 
aerofoils can be reduced by having sharp trailing edges, as reported by 
Paraschavoui (2002). Moreover, Islam, Ting, and Fartaj (2007) revealed that 
a sharp trailing edge is desirable for self-starting. However, the manufacturing 
process of a sharp trailing edge is, in general, difficult and often associated 
with high costs. The main benefit in considering the increase in trailing edge 
thickness is that it assists in mitigating blade stall, and thereby resulting in the 
overall performance improvement of the aerofoils (Ahmed, 2012, Liang et al., 
2014).  
2.8.8 Variable pitch 
Straight-bladed Darrieus VAWTs can be fitted with a blade pivot in order to 
control the variation of the angles of attack and improve the self-starting 
performance.  
A wide range of researchers have proposed the use of a variable pitch VAWTs 
in order to delay the onset of stall, improve the angle of attack 𝛼 and 
potententially produce sufficient torque for low tip speed ratios  𝜆 (see for 
example Kentfield, 1978; Bayly and Kentfield, 1981, Nahas, 1993; 
Vanderberg and Dick, 1986, Chougule, 2014). The results from these studies 
revealed that the variable pitch design are more reliable in terms of self-
starting performance than the fixed-pitch design, thus making them a 
                                                 
5  Leading edge refers to a point at the front of the aerofoil that has 
maximum curvature (minimum radius). 
6 Trailing edge is the point of minimum curvature at the rear of the aerofoil. 
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particular choice for consideration in this present study. Although, self-starting 
as an avenue for performance is generally recognised in VAWTs, not much 
has been done to assess the performance of starting torque at low tip speed 
ratios.  
There are basically two forms of variable pitch VAWTs, namely forced or 
active variable pitch and passive variable pitch (Lazauskas, 1992). The forced 
or active variable pitch system uses an external mechanism that forces the 
blade to pitch in a predetermined pitch regime. This system uses a simple 
eccentric drive and this results in a sinusoidal pitch variation. Other variations 
of the active variable pitch system senses the wind velocity, calculates the 
angle of attack and optimises the pitch angle as a function of the blade 
azimuthal position. In the following subsections brief reviews of each of the 
pitch systems are discussed. 
2.8.8.1 Active pitch systems 
 
The active variable pitch design may be defined as those systems in which 
the blade pitch is changed by means of an external mechanism such as 
actuators and cams to calculate an appropriate pitch angle regime. 
Extensive work was performed on this type of turbine by McConnell (1979) 
and Meikle (1993) and from these studies it was shown that such a design is 
highly expensive and complicated which is not justifiable for small-scale 
decentralised wind turbine applications. A simpler form of the active variable 
pitch system was implemented in an original patent of a fixed-pitch blade by 
Darrieus (1931) in which the blades are actuated by means of a pushrods 
driven by a central cam, which produces a pre-set schedule of pitch variation 
(see Figure 2.13). Drees (1978) developed a similar design, known as a 
‘‘Cycloturbine’’, with the Pinson Energy Corporation.  
The pitch variation is controlled by a central cam and pushrods. A small tail 
vane was used to orient the cam to the wind direction. Dress (1978) reported 
an improved self-starting and a high power coefficient of 0.45. Grylls et al. 
(1978) performed both theoretical and experimental investigation similar to 
those investigated by Dress. The theoretical analysis was based on the 
principle of the multiple streamtube model. Both studies revealed one of the 
shortcomings of such active designs, namely the amplitude of the pitch 
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variation is controlled by the cam and thus cannot change to suit the tip speed 
ratio. This deficiency limits the performance of the turbine to a narrow tip 
speed ratio 𝜆 band. High amplitudes (±20°) of the pitch variation produces a 
significant starting torque up to 𝜆 = 1.5, which suddenly drops off as the tip 
speed ratio 𝜆 increases.  
 
Figure 2.13: Schematic of the Darrieus cam driven design (Darrieus, 1931). 
 
Conversely, a small amplitudes (±5°) of the pitch variation produces high 
turbine efficiency while the starting torque is very low. One way to improve this 
limitation is to vary the cam profile with the turbine speed, however, to achieve 
this technically would significantly increase the overall cost of the system. 
A further problem of high friction was reported on this design system by Grylls 
et al. (1978). These problems, along with the increase in the cost and 
complexity of the active variable-pitch design, are the main reason for the 
exclusive focus on the passive system in this current study. 
2.8.8.2 Passive pitch systems 
The idea of a passive variable pitch system was first conceived by Sicard 
(1977) who produced a patent where the blades are allowed to pivot about an 
axis in the chord line. The blades were balanced in such a way that their centre 
of mass lies radially outward of the pivot axis when the blade pitch is in a 
‘‘zero-pitch’’ position. A schematic of this design is depicted in Figure 2.14. 
Sicard (1977) did not mention any stopping mechanism to limit the pitch angle 
of the blades and so at a stationary position there is nothing to stop the blades 
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from turning, thus generating no thrust. Moreover, there was no mention of 
the experimental and theoretical performance of the blade. 
Brenneman (1983) developed a similar VAWT to those of Sicard’s which he 
called ‘‘inertial’’ type with an additional stopping mechanism to limit the pitch 
angle. Brenneman (1983) attached a second embodiment to the design, which 
he referred to as ‘‘elastic type’’. 
 
Figure 2.14: A schematic of the design patented by Sicard (1977). 
 
 The function of the elastic type is to balance the blades about the pivot axis 
using a steel rod or wire spring to return the blades to a stationary position as 
shown in Figure 2.15. 
 
Figure 2.15: Schematics of the elastic (left) and inertial design patents (Reproduced 
 from Brenneman, 1983). 
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The author claimed that the design is speed limiting since the natural 
frequency of the blade is fixed by the moment of inertia of the blade and the 
stiffness of the spring. This implies that when the rotational speed of the 
turbine exceeds the natural frequency, the blade motion becomes out of 
phase with the angle of attack variation, thus making the turbine lose thrust. 
Further, there was no mention of experimental testing on this design in the 
literature. 
Evans (1978) proposed a designed of a passive variable pitch in which the 
blades were pivoted at 1/3 chord location and balanced about the same 
location. The focus of the design was to pitch the blade in order to reduce the 
angle of attack and consequently reduce the rate at which the blade stalls. 
The design is based on the concept of a pitching moment, or the movement 
of the centre of pressure. Unfortunately, no experimental test data is available 
in the literature for this design and thus, it is unlikely if this concept will be 
successful. Furthermore, Evans proposed another design where the blades 
are allowed to pivot and the blades are interlinked by wires. The design was 
completed without a counterweight, but the blades mutually cancel out the 
tendency to flare outwards under the action of a centrifugal force. This means 
that the blades are not allowed to pitch freely without an external force and 
even it is unclear whether the pitching regime that was determined by the set 
of wires would produce an optimum pitch angle. 
Another passive variable pitch design was implemented and patented by 
Liljegren (1984). In the patent shown in Figure 2.16, the blades were pivoted 
about the centre of mass, which is on the chord of the blade. 
The design has two independent masses which regulates the pitch movement. 
Furthermore, springs were attached to the design that supports the restoring 
moment of the masses when the rational speed is low. The aim of the design 
is to produce a diminishing pitch responses at high rotor speeds as well as to 
prevent the blade from pitching at running speeds. One major limitation of this 
design is the lack of experimental data to validate the design, although a 
similar concept was proposed by Kirke (1998) and it was reported to be largely 
successful. 
Sharp (1982) developed a turbine in which the blades are made to lie radially 
outward of the pivot axis. The centre of mass on the chord of the balanced 
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blade is connected via a rocker arm to a hinge at the end of the support arm 
(see Figure 2.17). Sharp claimed that the design is superior to the one 
presented by Sicard (1977) because he used a lower moment of inertia which 
could potentially make the blade to be more responsive and fast moving.  
 
 
Figure 2.16: Schematic of the Liljegren passive variable pitch design (reproduced 
 from Liljegren, 1984). 
 
The location of the pivot axis off the chord implies that the blade no longer 
seeks zero angle of attack under a stationary position. The principle of 
operation of this turbine is much the same as that of Sincard, although Sharp 
did not present any mathematical analysis to back his claims. 
Kirke (1998) performed an extensive evaluation of the self-starting 
performance of VAWTs as part of his PhD thesis. His work is the most 
comprehensive survey of previous active and passive variable pitch design 
found in the literature. Kirke investigated the prospects of variable pitch 
VAWTs as one of the avenues to improve the self-starting performance 
inherent in fixed-pitch VAWTs and focussed on a design of a mass stabilised 
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variable pitch system. His concept is depicted in Figure 2.18. Kirke’s design is 
very similar to that presented by Liljegren (1984), although much simpler in 
construction and execution.  
 
Figure 2.17: Schematic of the Sharp’s design (reproduced from Sharp, 1982). 
 
The design has a T-shaped stabiliser mass that is used to oppose the blade 
pitching outwards or inwards. Kirke did not use any spring to restore the 
masses at low speed. Unlike the Liljegren design, Kirke provided a means to 
modify the moment arms at which the two masses acted independently as 
well as the respective pitch limits. This enables the pitch responses to be 
biased in any direction. Also, the design has a point of restoring moment that 
must be exceeded by the aerodynamic moments acting on the blade before 
pitching can occur.  
The Kirke (1998) design is an interesting concept because it tends to prevent 
small oscillations, particularly at high speeds that are generally associated 
with other design concepts and thus enables the turbine to function as a 
standard fixed-blade Darrieus turbine at high speeds. 
In addition, Kirke developed a mathematical model based on the momentum 
model to test the performance of his turbine and validated it through a wind 
tunnel test. His results from both modelling and wind tunnel experiments 
reveals that the turbine achieved a reliable self-starting.   
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Although the Kirke (1998) passive design is quite promising and appears to 
have significantly increased the starting torque, the performance of the 
prototype rotor shows a maximum 𝐶𝑝 value of less than a third of the predicted 
value (Kirke, 1998). Presumably, this was due to the uncertainties between 
the original design and the actual real-life model.  
 
 
Figure 2.18: Schematic of the Kirke-Lazauskas initial design (Adapted from 
 Kirke,  1998). 
From these studies, it is clear that the variable pitch system gives a complete 
control over the cyclic variation of the angle of attack. However, they generally 
add extra complexities to the VAWTs and determining the optimal pitch 
system is increasingly more difficult, particularly in strong wind conditions. 
2.9 Review of mathematical models for performance 
prediction 
Several mathematical models have been developed for the prediction of 
VAWTs performance. The most studied and widely validated models are the 
momentum, vortex and cascade models. A review of these models is given in 
the following subsections. 
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2.9.1 Momentum Model 
The Momentum Models are based on the calculation of the flow velocity 
through the turbine by equating the streamwise aerodynamic forces on the 
blades with the rate of change of momentum of air, which is equal to the 
overall change in the velocity times the mass flow rate. The major limitation of 
the Momentum Models is that they become inaccurate for high tip speed ratios 
𝜆 and high solidities 𝜎 because the momentum equations are inadequate to 
calculate the aerodynamic forces generated by the blade (Paraschivoiu, 
2002). Over the past decades, several approaches to wind turbine modelling 
have been attempted using the Momentum Models. The earliest use of the 
model for VAWT design was accomplished through the single streamtube 
model. The model was developed by Templin (1974) as the simplest 
prediction model for the calculation of the performance characteristics of a 
Darrieus-type VAWT (see Figure 2.19). Templin assumed that the entire 
turbine was enclosed within a single streamtube. The theory further assumed 
that the flow velocity is constant throughout the upstream and downstream 
side of the swept volume and is obtained by equating the streamwise drag 
with the change in axial momentum. The model was developed with the 
concept of the actuator disc theory (Glauert, 1947). 
 
 
 
Figure 2.19: Schematic of Templin’s single streamtube model (Adapted from 
 Danao, 2012). 
 
The major drawback of this model is the simplification of the interference 
factors that causes velocity induction. Although, the model is an acceptable 
approximation for lightly loaded turbines, the assumption break down at highly 
loaded or high solidity conditions. As the blade rotates, the force that exerted 
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on the fluid stream varies greatly due to the changing angle of attack. 
Reducing this variation into a single value causes the predictions to deviate 
significantly from the experimental data. 
In order to account for this variations in the blade loading at different azimuthal 
positions, Strickland (1976) proposed an improvement to the Templin model 
by splitting the streamtube into multiple strips, each with a different actuator 
disc (see Figure 2.20).  As such, the variation in the induced velocity across 
the swept area was taken into account for a more precise prediction of the 
blade loading. The Strickland model included lift and drag forces that results 
from the local angle of attack and experimental data. The modified model 
shows a significant improvement over the single streamtube model with less 
over estimation of the power performance, especially for highly loaded and 
high solidity VAWTs. 
Prior to the Strickland model, Wilson and Lissaman (1974) and Muraca et al. 
(1975) proposed a multiple streamtube model. The model only considers the 
lift force in the calculation of the induced velocity in the blade loading and 
effectively assumed inviscid flow and uses the generated lift force instead of 
experimental data. The model is still an improvement over the single 
streamtube model and requires less computational cost as compared to the 
Strickland model. However, the model is still inadequate for the description of 
the flow field around a turbine and is only suitable for fast running lightly loaded 
VAWTs. Muraca et al. (1975) included the effect of the aerofoil geometry, 
support struts, blade aspect ratio, solidity and blade interference in their 
version of the multiple streamtube model. The authors derived a mathematical 
equation for the lift distribution on the plate with a variable angles of attack 
from both the leading and trailing edge sections of the flat plate. They revealed 
that the effect of the flow curvature on the performance characteristics is 
insignificant for a low chord to radius ratios. The limitations of their model led 
to the development of another multiple streamtube model by Sharpe (1977). 
The main idea behind the Sharpe model is similar to the Strickland’s model 
but also considered the effect of the Reynolds number into the calculation. 
The Sharpe model was later improved by Read and Sharpe (1980) for the 
modelling of VAWTs. 
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The Sharpe model is strictly applicable to turbines with low solidity and having 
a high aspect ratio (AR). However, this model failed to accurately predict 
higher power coefficients (𝐶𝑝) as obtained experimentally. Although, the 
multiple streamtube model greatly improves the overall prediction of VAWTs, 
there is still an inherent flaw in the theory. For example, the blade loading in 
the downwind section of the blade was not accounted for, as the overall 
performance of the VAWT depends on both the upwind and downwind blade 
loadings.  
 
 
Figure 2.20: Schematic of Strickland’s streamtube model (Adapted from     
            Danao, 2012). 
 
This major consideration was examined by Paraschiviou (1981) by using the 
principles of the double actuator discs in tandem (see Figure 2.21), although 
the concept of the double actuator disc was first implemented by Lapin (1975).  
The Paraschavoiu concept accurately assessed the downwind and upwind 
forces on the blade as they rotate in the VAWT. Although, the Paraschivoiu 
model gives a more accurate prediction to both the single and multiple 
streamtube model, it is computationally more complex because a double 
iteration is required to account for the upwind and downwind passes of the 
VAWT. In a further refinement to this model, allowance was made to 
incorporate the dynamic stall (Paraschiviou and Declaux, 1983) and flow 
curvature effects (Migliore et al., 1980; Hirsch and Mandal, 1984). 
Paraschiviou (1983) provided more refinement to include strut parasitic drag, 
tower wake and different aerofoil sections.  
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Figure 2.21: Schematic of the DMST model showing the induced velocities 
across the streamtubes. 
2.9.2 Vortex Model 
The Vortex Model is a potential flow model that was developed by Strcikland 
(1979) based on the vorticity equation. A simple schematic of the vortex model 
associated with a blade element is shown in Figure 2.22.  
In this model, the induced velocity generated by a single vortex filament in the 
flow field is computed from the Biot-Savart law (Currie, 1974), and the blade 
element is replaced by a lifting line which represents the flow field at a distance 
of more than one chord away from the aerofoil. Strickland utilised the model 
to predict the rotor performance of a VAWT. The findings revealed that the 
results are an agreement to those predicted by the momentum models. 
However, a large variation was observed when compared to the experimental 
data with a high solidity rotor. 
Prior to the Strickland vortex model, Larsen (1975) had presented an earlier 
version of the vortex model which were followed by improved versions of the 
model by Fanucci and Walters (1976), Holme (1977) and Wilson (1980). Each 
of these models were represented in two-dimensional cases but were used to 
analyse three-dimensional problems which could not depict the real flow 
behaviour of the VAWT aerodynamics. A low angle of attack was also used in 
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the model, thus limiting the analysis of blade stall. These models like the 
streamtube models, were only suitable for lightly loaded rotors.  
 
Figure 2.22: Schematic representation of a simple vortex model for a single 
 blade  element (reproduced from Islam et al., 2008). 
 
With the resurgence of interest in VAWT, McIntosh and Babinsky (2009) 
presented a 2D swept vortex model that included blade sweep and unsteady 
wind conditions. The model was validated using force data from steady wind 
tunnel experiments in a full scale rotor and good agreement was observed in 
both swept and unswept configurations. 
In contrast to the momentum models, the vortex model is capable of predicting 
the performance of VAWTs with higher solidities and at large tip speed ratios. 
Since this study does not involve high solidities and high tip speed ratios as 
will be seen in Chapter 5, the vortex model offers no significant benefit over 
the momentum models.  
2.9.3 Cascade Model 
The Cascade Model was proposed by Hirsch and Mandal (1987) using 
cascade principles, widely used in the design of turbomachinery for the 
analysis of VAWTs. The model assumes that the blade aerofoils are 
positioned in a plane surface (called the cascade) with the blade interspace 
equal to the turbine circumferential distance divided by the number of blades. 
The relationship between the wake velocity and free stream velocity is 
established by using the Bernoulli equation. The aerodynamic characteristics 
of each element of the blade are computed separately, for the upwind and 
downwind blade loadings. The instantaneous blade forces, as calculated by 
this model, show improved correlation in comparison to those calculated by 
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the conventional momentum models. Also, the model can predict the overall 
values of both the low and high solidity turbines reasonably well. However, the 
model requires a large computational time. 
2.9.4 Summary 
The prospects of small-scale Darrieus VAWTs for decentralised energy 
applications, particularly for power generation are quite promising but they 
have a major limitations.  Self-starting was identified as one of the major 
limitations, but not much has been done to overcome this problem. A number 
of solution strategies have been proposed in the literature to alleviate the 
problem of self-starting in a fixed-pitch VAWTs and they include the use of the 
following: 
 Cambered blades 
 Thick aerofoil blades 
 Variable pitch 
 Leading and trailing edges 
 Savonious auxiliary rotors 
 High rotor solidity 
However, little research has been performed to quantitatively assess 
whether these solutions actually produce sufficient starting torque required 
to overcome the drive train friction and the parasitic drag that causes the 
turbine blade to plunge into a ‘‘dead-band’’. 
From the preliminary analysis of the various design concepts at the 
beginning of this present research, it appears that the fixed-pitch VAWTs 
could be made to reliably self-start under some operating conditions. The 
Darrieus fixed-pitch VAWT is a promising concept because they are 
generally cheaper and simpler in construction, but due to the lack of 
adequate quantitative data, it is not clear if a Darrieus fixed-pitch turbine 
could be relied upon to produce enough starting torque to overcome the 
drive train friction and parasitic drag or whether the variable pitch VAWT 
concept could be ideal for self-starting improvement. 
It was this lack of definitive data that stimulated the present investigation. 
If the problem of self-starting can only be alleviated by implementing 
expensive variable pitch designs, then it can be argued that the VAWTs 
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are unsuitable for decentralised application. However, if reliable self-
starting can be achieved without the use of external mechanisms that 
increases the overall cost of the turbine, then it may be practicable and 
economical to use the small-scale wind turbine for decentralised power 
generation. 
Furthermore, the number and variety of designs reviewed in this thesis 
show the need for a systematic approach to the problem. Most of the 
designs were presented with minimal theoretical basis in the patent and 
no supporting work has been reported in the literature. The most 
comprehensive existing work has been produced by Bayly (1981), Kirke 
(1998) and Pawsey (2002). It will be seen in Chapter 7 that a VAWT can 
achieve a high starting torque and reliably self-start by implementing a 
simple pitch system and suitable aerofoil section. 
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Chapter 3: Methodologies for Wind Resource Assessment 
This chapter describes the techniques employed in wind resource assessment 
for small-scale wind turbines. As discussed in the preceding chapters, wind 
flows are strongly dependant on both temporal and spatial variations that 
occur on different timescales. While such variability can theoretically be 
represented using long-term onsite measurements, or more advanced models 
such as mesoscale models and computational fluid dynamics (CFD) models, 
they are computationally expensive and are often not practicable for rapid 
deployment of small-scale wind turbines at potential sites. Thus, this chapter 
examines two cost effective approaches to wind resource assessment that is 
capable of predicting the long term wind resources. These approaches include 
the technique based on the boundary layer meteorology and data-driven 
approaches based on short-term onsite measurements at a target site. 
The chapter is organised as follows: Section 3.1 describes the methodology 
based on the principles of boundary layer scaling methodology for predicting 
the wind resource. The implementation of the methodology is described in 
detail including the assumptions and limitations of the technique. Next, 
Sections 3.2 and 3.3 describe a data driven approach known as Hindcasting 
or Measure-Correlate-Predict for predicting the long-term wind resource using 
short-term measurements at a target site. The existing approaches are 
described with particular application to onsite measurements spanning a 
period of between 6 to 12 months.  
3.1 The Boundary Layer Methodology 
Using regional climate information and local surface characteristics, a 
methodology can be developed to specifically predict the wind resource (mean 
wind speed and power density) at any given location near the Earth’s surface. 
Although this prediction may not represent the complete characterisation of 
the site’s wind conditions, it can be used as a starting point for predicting the 
wind resource at a particular location. The details of this method is given in 
Section 2.6 along with the simplifications that allow the technique to be 
deployed quickly without detailed knowledge of the sites characteristics. 
A similar methodology was implemented by Weekes (2014) and Health et al. 
(2007). Weekes (2014) evaluated the wind resource potential at 32 UK sites 
using a modified boundary layer model and the results showed significant 
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prediction accuracy. Health et al. (2007) assessed the energy production of a 
micro-wind turbine installed in London. The model predicted the spatially 
averaged mean wind speed and also investigated the effects of building wind 
flows using a more advanced computational model. The study concluded with 
a recommendation for improvement of the model and appropriate siting 
guidelines for micro-wind turbines. Furthermore, the methodology has been  
used extensively by the UK Met Office, NOABL and the Carbon trust (Met 
Office, 2008) to provide estimates (1 km2) of the mean wind speeds across 
different geographical regions in the UK for small-scale wind energy, and this 
was extended to a wide range of UK sites. 
The boundary layer method involves the calculation of the wind potential at a 
reference site near the top of the internal boundary layer which can then be 
downscaled using several stages so as to determine the mean wind speed at 
a potential turbine hub height. The difference stages of the methodology are 
briefly discussed in the following subsections. 
3.1.1 Long-term reference climatology 
 
The climatological data obtained from the Modern Era Retrospective-Analysis 
for Research and Applications (MERRA) is used as a first input into the model. 
The dataset is hosted by the NASA global data assimilation database and 
contains historical measurements that extends from 1979 at all locations in 
the world at a height of 50 m above the ground level. This database has been 
used extensively in recent years for wind resource modelling due to the vast 
amount of data at any specific location in the world. MERRA consist of a 
spatial resolution of 1/2° latitude × 2/3° longitude × 72 vertical levels that 
extends through the stratosphere. 
Since the reference climatology is given at 50 m height, it must be extrapolated 
to a higher height where the wind flow can be considered independent of the 
local flow. In the Met Office approach, a reference height of 200 m and a 
roughness length 𝑧0 = 0.14 m (representative of an open country) are used. 
This height signifies the height of the boundary layer over a rough surface and 
is usually determined as a function of the fetch7 and surface roughness using 
                                                 
7 Fetch refers to the distance measured in the upward wind direction. 
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expressions for boundary layer growth (Garratt, 1990; Elliot, 1958). However, 
implementing such a method is quite challenging since it requires estimates 
of significant roughness changes. Interestingly, the predicted wind speed 
close to the surface appears to be insensitive to this height provided an 
appropriate roughness value is used.  
The extrapolation to the reference height is accomplished by scaling the 
logarithmic profile described in Section 2.6.2 according to the following 
expressions: 
𝑣𝑟𝑒𝑓 = 𝑣50
ln(𝑧𝑟𝑒𝑓/𝑧0)
ln(
10
𝑧0
)
                                                                                                          (3.1) 
in which 𝑧𝑟𝑒𝑓 indicates the reference speed at 200 m, 𝑣𝑟𝑒𝑓 indicate the 
reference wind speed at this height and 𝑣50 is the wind speed at a height of 
50 m as obtained from the NASA global database. 
3.1.2 Wind speed at a blending height 
After identifying the reference climatology as discussed above, the next stage 
in the methodology is to extrapolate this to a wind speed over a 1km grid 
square at the blending height as described in Section 2.6.4.1. This is obtained 
using a second logarithmic profile as follows (Best et al., 2008):  
 
𝑣𝑏ℎ = 𝑣𝑟𝑒𝑓
ln(𝑧𝑏ℎ−𝑑𝑒𝑓𝑓/𝑧0𝑒𝑓𝑓)
ln[(𝑧𝑟𝑒𝑓−𝑑𝑒𝑓𝑓)/𝑧0𝑒𝑓𝑓]
                                                                          (3.2)                                                                                          
 
in which 𝑣𝑏ℎ indicate the wind speed at the blending height 𝑧𝑏ℎ, and 𝑧0𝑒𝑓𝑓 and 
𝑑𝑒𝑓𝑓 indicate the effective roughness and displacement lengths, respectively. 
To determine the effective roughness length 𝑧0𝑒𝑓𝑓 and effective 
displacement 𝑑𝑒𝑓𝑓, the land cover over a grid square at the location of interest 
is used. The UK land cover data for various terrain types are obtained from 
the Centre of Ecology and Hydrology (CEH) (2007). After obtaining the values 
of the surface and displacement parameters, the values are substituted into 
Eqn. (3.2) to obtain the blending height mean wind speed 𝑣𝑏ℎ.                                                                               
3.1.3 Wind speed at a propose turbine hub height 
The final step in the methodology is to downscale the wind speed at the 
blending height to the spatially averaged mean wind speed at the proposed 
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turbine hub height. This is achieved by further extrapolation of the logarithmic 
profile as follows: 
 
𝑣ℎℎ = 𝑣𝑏ℎ
ln(𝑧ℎℎ/𝑧0)
ln[(𝑧𝑏ℎ)/𝑧0]
                                                                                                      (3.3) 
 
in which 𝑧ℎℎ and 𝑣ℎℎ indicate the turbine hub height and the associated hub 
height of the mean wind speed, respectively.  
The parameters 𝑧ℎℎ and 𝑣ℎℎ also depend on the local roughness and 
displacement values of the specific sites, thus, Eqn. (3.3) can be expressed 
as follows (Best et al., 2008): 
 
𝑣ℎℎ = 𝑣𝑏ℎ
ln(𝑧ℎℎ−𝑑𝑙𝑜𝑐𝑎𝑙/𝑧0𝑙𝑜𝑐𝑎𝑙)
ln[(𝑧𝑏ℎ−𝑑𝑙𝑜𝑐𝑎𝑙)/𝑧0𝑙𝑜𝑐𝑎𝑙]
                                                                                       (3.4) 
 
When the mean wind speed at a propose turbine hub height is predicted, a 
prediction can then be made using a suitable wind speed frequency 
distribution. The most validated and widely used distribution which has also 
been used by the Met Office is the Weibull distribution as described in Section 
2.4.1. Using this distribution in combination with a suitable turbine 
manufacturer’s power curve, the available energy at any given site can be 
computed. 
3.1.2 Limitations of the methodology 
The accuracy of the boundary layer scaling methodology is limited by the 
several simplifications and sources of uncertainty that are encountered at 
each stage of the implementation process. These uncertainties can combine 
to introduce large errors in the predicted wind resource, and summarised as 
follows: 
 
(i) The reference climatology as in any other reanalysis data, does not 
utilise real-time land surface observation; they reflect instead the 
time integration of the surface meteorological conditions (wind 
speeds, directions, etc.) by the land model component of MERRA 
and is thus subject to considerable uncertainty that is ultimately 
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propagated from the downscaling process and generalisation of the 
data sets.  
(ii) The aerodynamic parameters in the logarithmic profile are 
estimated based on the land cover in a local region of 1 km2. 
However, the considerations of boundary layer growth indicate that 
the mean wind speed is affected by upwind roughness over a much 
larger distance as described in Section 2.6.3. 
(iii) The boundary layer scaling method tends to predict only a 
temporally averaged mean wind speed, and therefore making 
power predictions will only be based on assumptions and 
simplification of the model. This is ultimately a limitation of the long 
term reference climatology which contains no information of the 
distribution of wind speeds. 
(iv) The extrapolation to a fixed internal boundary layer height of 200 m 
does not account for edge effects close to roughness boundaries 
which will ultimately affect the predicted wind resource. 
These inherent uncertainties associated with the boundary layer scaling 
methodology implies that while the method is attractive, since it is relatively 
easy to implement, adequate care must be taken when using the approach to 
make site-specific wind resource predictions. Furthermore, these 
uncertainties offer opportunities for potential improvement to the analytical 
model. As will be seen in Chapter 4, some of these modifications are relatively 
easy to be incorporated into the model, while others are increasingly difficult 
to implement since they require the development of a more robust approach. 
3.2 Hindcasting/Measure-Correlate-Predict (MCP) 
methodology 
As noted in the preceding section, the boundary layer scaling methodology is 
subject to considerable uncertainty and thus, is incapable of predicting the 
many complexities associated with real wind flows in the boundary layer. A 
more reliable alternative to the boundary layer scaling model is the approach 
known as Hindcasting or Measure-Correlate-Predict (MCP) where onsite data 
collection process forms part of the wind resource assessment. In the large-
scale wind resource assessment, detailed wind data measurement are usually 
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carried out before any investment decision is taken. Generally, these 
measurements span between 1-3 years of onsite wind observations along with 
correlation to a long-term reference site using the MCP techniques (AWS & 
NREL, 1997, Jane, 2011).  Although this may not be practical in the case of a 
small-scale wind assessment, a short time wind measurement program 
combined with correlations to a long term reference site can potentially 
provide a more robust wind resource assessment compared to the boundary 
layer method. Thus, a small number of research work has been undertaken in 
recent years to assess the validity of this technique in small-scale wind 
resource assessment. Therefore, this approach is ripe for further research. 
The MCP technique is schematically illustrated in Figure 3.1 and the principles 
of the implementation are summarised in the following steps: 
(i) Take onsite measurement: This step involve taking measurement of 
 wind speeds at a target site for a short period of time, say up to 1 year,  
 as close to the location and height of the proposed installation as 
 possible. 
(ii) Correlate two sets of data: The measured data is correlated with long-
   term reference data sets for concurrent data period. If correlations are 
    acceptable, then choose the reference data sets for the next step.  
(iii) Predict estimate of long-term wind speed: This step involve the 
 prediction of the wind speed for historical period, which covers the 
 duration of the reference time series wind speed. This is known as 
 hindcasting.   
(iv) Calculate net energy output and uncertainties: The final step in the 
 methodology is to convert the hindcast into an energy production 
 estimates as well as predict the associated uncertainties in the 
 predicted wind resource. 
 
The main purpose of an MCP technique is to find a correlation between the 
short-term concurrent measurements at the reference and target sites, 
respectively. The aim of the correlation is to understand if the measurement 
data taken from a target site and the long-term reference data are similar over 
the measurement (concurrent) period. If the two data series are similar in 
terms of the wind speed distribution, then the wind regimes are similar, and 
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therefore a valid wind speed distribution and the long-term wind energy 
potential of the target site can be generated. It is important to note that the 
short-term, concurrent measurement period at the reference/target site is 
known as the ‘‘training period’’ since it is used to establish a correlation 
between the two sites. 
 
 
Figure 3.1: Schematic diagram of the Measure-Correlate-Predict process
 (Adapted from Jane, 2011). 
 
There is a vast literature on MCP techniques which have been used in recent 
years including peer reviewed articles, technical reports and conference 
proceedings and several methods have been utilised to describe the 
relationship between the correlated variables which have contributed to the 
development of different MCP techniques as illustrated by an extensive review 
by Carta et al. (2013). In reviewing these techniques, attention is focused on 
the technique that includes the prediction of the distribution of the wind speeds 
over multiple years or the power rather than just the mean wind speed. 
The following subsections provides an outline of the widely used MCP 
approaches. While this study is not intended to investigate all the approaches, 
special focus is given to the methods that have been validated and are already 
widely utilised in the wind industry as well as promising new techniques that 
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may be useful to the small-scale wind industry.  Since there is a lack of reliable 
data for the use in MCP for short-term measurements, a brief review of the 
application of MCP to short term measurements periods is given in Section 
3.8. 
3.2.1 Determinants of the MCP methods 
It must be empathised that MCP techniques are based on a series of 
hypotheses which must be considered before it can be successfully 
implemented in the context of small-scale wind energy. A brief discussion of 
these techniques is given in the following subsections. 
3.2.1.1 Appropriate measurement protocol 
The MCP methods are based on the hypothesis that the reference and target 
sites climatology have been obtained in an appropriate manner that will 
guarantee their accuracy (Albers and Klug, 1999). Several wind speed 
measurements have an unacceptably low level of uncertainty and this is partly 
due to improper practices when selecting and mounting anemometers, choice 
of measuring site, or the height and duration of the measurement periods. 
Thus, it is important that a thorough check is made on the validity of the data 
before implementing an MCP analysis (Alkers and Klug, 1999, EWEA, 2009). 
Consequently, this hypothesis implies that the reference station data must 
satisfy the following requirements throughout the historical long-term period 
(Gerdes and Strack, 1999): 
(i) The station data must not have been affected by factors such as 
 building constructions, installation of wind farms (Mina and Clive, 2012) 
 or changes to the vegetation surrounding the wind masts that might 
 affect reference and target wind data sets. 
(ii) The height and the location of the wind mast have not been subject to 
 any form of modification during the measurement period. 
(iii) The reference site and the target site should have the same height 
 above the ground. 
(iv) The wind data must be recorded using the same sets of 
 instrumentation. 
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3.2.1.2 Knowledge of the pattern of seasonal variations in the 
concurrent data period 
The short-term period over which data is available for both the reference and 
target sites must be long enough (at least 10 years) to allow accurate seasonal 
information regarding the wind speed and direction. In general, the 
recommended practice is for the concurrent data period to be at least one year 
long (Taylor et al., 2004). These authors have investigated the long-term 
prediction variability of a wind resource with an MCP technique using data for 
1, 3, 6, 12, 18 and 24 months. Their results revealed that one month of the 
data give rise to a high margin of uncertainty of between 6.5% - 12% for long-
term wind speed estimations at the analysed sites. For the 3 and six months 
periods, they also observed a very high uncertainty of 4% for the six months 
period despite the existence of an inverse relationship between the 
uncertainty and data management period. However, once the data 
measurement period is extended to 12 months, a significant improvement in 
the uncertainty margin was observed (approximately 2%). In the 18 months 
period, few changes in the uncertainty margin was observed, but in the 24 
month period, a much lower uncertainty margin was observed. They 
concluded that there is a significant seasonal influence on the quality of the 
long-term estimations. Consequently, they emphasised the importance of 
having at least 12 months or more measurements for the target site. Long-
term predictions made with measurements taking less than one year at the 
target sites are full of large margin of errors (Oliver and Zarling, 2010). 
3.2.1.3 Climate stability 
MCP techniques work on the assumption that the reference and target sites 
data sets are statistically stationary. This means that the effects of climate 
change are not considered and it is assumed that the wind conditions in the 
future will be similar to that of the past throughout the lifetime of the wind 
energy project. In reality, it is generally believed in the scientific literature that 
there will be a reduction in the temperature difference between the poles and 
the equator and that mid latitude winds will be altered as a result of global 
warming (Emeis, 2013). 
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3.2.1.4 Similar wind climate at the reference and target sites 
This assumption is based on the notion that the reference site data are 
representative of the wind climate at the target site. If there is an appreciable 
difference in comparison of the target and reference sites or low coefficients 
of correlation, it is likely that this can lead to the rejection of the reference site 
for MCP methodologies unless special measures are applied to the data sets 
(Skibin, 1984; Jain, 2011). 
The correlation is often determined by calculating the Pearson product-
moment coefficient of linear correlation also known as the Pearson correlation 
coefficient, 𝑟. (Makridakis, Wheelwright and Hyndman, 1998) 
The Pearson correlation coefficient measures the relationship between the 
wind speed recorded at reference and target sites during the concurrent 
period. The value is expressed as follows (Makridakis, Wheelwright and 
Hyndman, 1998):   
        
𝑟 =
∑ [(𝑉𝑖 )𝑡
𝑆𝑇−𝑉𝑡
𝑆𝑇̅̅ ̅̅ ]𝑛𝑖=1 [(𝑉𝑖 )𝑟
𝑆𝑇−𝑉𝑟
𝑆𝑇̅̅ ̅̅ ]
√[∑ [(𝑉𝑖 )𝑡
𝑆𝑇−𝑉𝑡
𝑆𝑇̅̅ ̅̅ ]𝑛𝑖=1 ]
2
[∑ [(𝑉𝑖 )𝑟
𝑆𝑇−𝑉𝑟
𝑆𝑇̅̅ ̅̅ ]
2
𝑛
𝑖=1 ]
               𝑟 =-1≤ 𝑟 ≤1                                     (3.5) 
                    
 
where (𝑉𝑖 )𝑟
𝑆𝑇  and (𝑉𝑖 )𝑡
𝑆𝑇 are the observed short-term wind speeds at the 
reference and target sites and 𝑉𝑟
𝑆𝑇̅̅̅̅  and 𝑉𝑡
𝑆𝑇̅̅̅̅  are the reference and target sites 
mean wind speeds, respectively.   
Using this equation, the strength of the correlation coefficient can be 
determined. If the correlation is weak, the long term data from the reference 
station should be rejected or used with caution (Jain, 2011, EWEA, 2009). 
No established criterion has been published in the literature regarding a 
correlation level below which the reference station data should not be utilised 
due to their unreliability (Jain, 2011). However, some rules of thumb have 
been proposed as a baseline in determining good and poor correlation 
coefficients. According to Langreder (2010), the coefficient of determination 
(Press et al. 1992), 𝑅2, should not be lower than 70%.  𝑅2  is the square of the 
correlation between the predicted and actual values, in this case, the wind 
speed, and it can be expressed according to the following equation: 
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 𝑅2 =
∑ [(𝑉𝑖 )𝑡
𝑆𝑇−𝑉𝑡
𝑆𝑇̅̅ ̅̅ ]
2
𝑛
𝑖=1
∑ [(𝑉𝑖 )𝑡
𝑆𝑇−𝑉𝑡
𝑆𝑇̅̅ ̅̅ ]
2
𝑛
𝑖=1
                                                                                          (3.6)                                                                                                        
 
EWEA (2009) proposed a correlation coefficient,  𝑅2 of 70% and over for 
appropriate long-term and target site pair. Meanwhile, Bass (2009) warned 
that special care should be taken when dealing with values of the coefficient 
of correlation that exceed 0.7,  and Jain (2011) stated that if the value of the 
correlation coefficient is 0.9 or higher then the correlation is considered as 
excellent.  A comprehensive guide for an acceptable correlation between the 
climate conditions at two different sites is provided in Jain (2011). In an 
investigative study undertaken by Anderson (2004), the sites which were 
unsuitable for an MCP technique were rejected and excluded from further 
assessments. 
Therefore, the choice of an MCP method is strongly dependent on the level of 
correlation. Overall, the correlation coefficient of 0.5 - 0.6 are considered to 
be very poor, while those that ranges from 0.6 - 0.7, 0.7 - 0.8, 0.8 - 0.9 and 
0.9 - 0.10 are considered as poor, moderate, good and very good, 
respectively. 
3.3 MCP models 
Several MCP models have been developed for the assessment of the long 
term wind resource. The most widely used models are based on regression 
techniques, namely climatological reduction (Putman, 1948), linear 
regression, the variance ratio method (Rogers et al., 2005). Other MCP 
methods go beyond the regression approach, namely the Mortimer/matrix 
method (Moritmer, 1994) and the Weibull parameter scaling method 
(Thøgersen, et al., 2007). In addition, models based on Artificial neural 
networks (ANNs) (Sheppard, 2009), which determines the correlation as 
complex system has also been used in recent years in long term wind 
resource estimation. A comprehensive analysis of the different MCP 
approaches can be found in Rogers et al. (2005), Thøgersen, et al. (2007) and 
Sheppard (2009). The following subsections provide an overview of the MCP 
models considered in this thesis: 
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3.3.1 Climatological reduction 
The first and earliest use of a long-term reference data in an MCP technique 
is the climatological adjustment by the method of ratios proposed by Putman 
(1948). This method involves estimating the long-term mean wind speed at 
the reference site based on the knowledge of its short-term mean wind speed. 
The expression used in the estimation is given as follows (Putman, 1948): 
 
𝑣𝑡𝑎𝑟,𝑗 = [
𝑣𝑚𝑡𝑎𝑟
−𝑆𝑇
𝑣𝑚𝑟𝑒𝑓
−𝑆𝑇 ] 𝑣𝑟𝑒𝑓,𝑗                                                                                      (3.6)                                                                                                       
 
in which  𝑣𝑡𝑎𝑟,𝑗   and 𝑣𝑟𝑒𝑓,𝑗 are the predicted target and observed reference 
sites wind speed,  𝑣𝑚𝑡𝑎𝑟
−𝑆𝑇    and  𝑣𝑚𝑟𝑒𝑓
−𝑆𝑇  are the short-term mean wind speed 
observed at the target and reference sites, respectively. 
The climatological reduction method can be used to predict the long-term time 
series of the wind data, and thus, the wind speed distribution at the target site. 
Several modification based on this method have been made, including those 
that use estimates of the variance at both the reference and target sites (see 
for example Justus et al., 1979). However, they do not differ significantly from 
the methods of linear regression. 
3.3.2 Linear regression 
The methods of linear regression are by far the most widely used in the wind 
industry due to its empirical success in predicting the long-term wind resource 
(Thøgersen et al., 2007). The method involves applying linear regression (LR) 
to the wind speed observations that has been binned into angular sectors 
according to the reference site wind conditions. The individual wind speeds at 
the target site are described according to the following expression (Carta et 
al., 2013): 
 
𝑣𝑡𝑎𝑟 = 𝛼 + 𝛽𝑣𝑟𝑒𝑓 + 𝜀                                                                                   (3. 7)                                                                             
 
where 𝑣𝑡𝑎𝑟  is the observed wind speeds at the target site, 𝑣𝑟𝑒𝑓 is  the observed 
wind speed at the reference site, 𝛼 and 𝛽 are the regression coefficients (slope 
and intercept) obtained using a fit to the short-term measured data (training 
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data) and 𝜀 is an error term which represents the residual scatter. The 
regression coefficients (𝛼, 𝛽) could be determined by ordinary linear 
regression (OLR) (Landberg et al., 2003, Windographer, 2015). However, 
other methods such as the orthogonal regression and the quartile regression 
(QR) (Carta et al., 2013) can also be used. 
The linear regression approach involves collecting data at the target site for a 
considerable period of time in order to determine the regression coefficients, 
which are assumed to be constant with time.  
Now, assuming all the wind data are adequately represented by a linear fit, 
the mean wind speed prediction at the target site can be described by the 
following expressions (Derrick, 1992): 
 
𝑣𝑡𝑎𝑟 = 𝛼 + 𝛽𝑣𝑟𝑒𝑓                                                                                         (3. 8) 
The linear regression approach has been used extensively for wind resource 
assessment. For example, Bardsley and Manly (1983) used this method to 
derive estimators for the long-term mean wind speed and variance at a 
potential aerogenerator site. Their results revealed that while linear regression 
yields unbiased estimates of the mean wind speeds, the estimates of the 
variance are not unbiased. This issue highlights the importance of the residual 
scatter term 𝜀 in Eqn. (3.7) and it should be taken into account because it can 
lead to biased power predictions.  
More recently, Rogers et al. (2006), as well as Perea and Amezcua (2011), 
have successfully used the linear regression approach as a basis of 
comparison against other MCP methods and the prediction results were 
validated using a wide range of error metrics.  
3.3.3 Variance ratio (VR) method 
The inherent uncertainty associated with the linear regression approach is 
corrected using the Variance Ratio method. Rogers et al. (2005) in an attempt 
to resolve this issue proposed the variance ratio method based on a simple 
linear regression approach by forcing the variance of the predicted wind 
speeds to be equal to the observed or measured wind, i.e. 𝜎(?̂?)  = 𝜎(𝑣). 
On using the method of least squares, the VR equation can be expressed as 
follows (Rogers et al., 2005): 
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𝑣𝑡𝑎𝑟 = [𝑣𝑚𝑡𝑎𝑟 − [
𝜎𝑡𝑎𝑟
𝜎𝑟𝑒𝑓
] 𝑣𝑚𝑟𝑒𝑓] + [
𝜎𝑡𝑎𝑟
𝜎𝑟𝑒𝑓
] 𝑣𝑟𝑒𝑓                                                   (3. 9) 
                                                                                           
where 𝜎𝑡𝑎𝑟 and 𝜎𝑟𝑒𝑓 are the standard deviation about the mean wind speeds 
at the target (𝑣𝑚𝑡𝑎𝑟) and reference (𝑣𝑚𝑟𝑒𝑓) sites, respectively.  
Rogers et al.  (2005) investigated the performance of the variance ratio model 
in terms of the predicted mean wind speeds, wind speed distribution 
parameters and the wind power at eight sites from different terrains. The 
results show a significant improvement over the linear regression approach, 
particularly for the parameters related to the wind speed distribution. The 
method has since been used in several MCP studies (see for example Perea 
et al., 2011; Jung et al., 2013).                 
3.3.4 Matrix method 
This method was proposed by Mortimer (1994) based on the ratios of the 
binned wind speeds and it has been used extensively in a number of studies 
to assess the wind resources at different locations (see for example Rogers, 
Rogers and Manwell, 2005; Thøgersen, et al., 2007). As the name implies, 
this method is applied to a matrix of wind speed ranges and direction sectors 
from the reference time series data sets. The target site wind speeds are then 
predicted according to the following equation (Mortimer, 1994; Rogers et al., 
2005): 
𝑣𝑡𝑎𝑟 = (𝑦 + 𝑒)𝑣𝑚𝑟𝑒𝑓                                                                                   (3.10)                                                                                                                     
in which 𝑦 is the ratio of the wind speeds, and 𝑒 is a random number drawn 
from a triangular distribution. It should be noted that while the linear 
regression, LR, and the variance ratio, VR, are linear approaches, the Matrix 
method is not. The addition of the 𝑒 term in the equation allows for the residual 
scatter to be calculated. However, as noted by Derrick (1992), achieving a 
matrix of wind speed ranges and direction sectors from the reference time 
series can be a challenging undertaking. Although, interpolation methods can 
be used to achieve sufficient data matrix, it is likely that this will not be useful 
for short-term measurement periods. Consequently, this method may not be 
feasible in small-scale wind resource assessment. 
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3.3.5 Weibull parameter scaling 
The Weibull parameter scaling involve the computation of the Weibull scale 𝑐 
and shaper 𝑘 parameters for the wind speed in each of the 12 or 16 wind 
direction sectors for both the onsite measured data and the reference data. 
The advantage of this technique is that, it will match the nature of the wind at 
most locations, but it should be noted that this technique is not valid on 
locations with significant non-Weibull distributions as well as when the 
modification of the required Weibull parameters is very large. 
The method is described by the following expressions (Thøgersen, et al., 
2007): 
 
𝜆𝑠𝑖𝑡𝑒
𝑙𝑜𝑛𝑔 = 𝜆𝑟𝑒𝑓
𝑙𝑜𝑛𝑔. (𝜆𝑠𝑖𝑡𝑒
𝑠ℎ𝑜𝑟𝑡/𝜆𝑟𝑒𝑓
𝑠ℎ𝑜𝑟𝑡)                                                                             (3.11) 
 
where  𝜆 is the distribution parameter under consideration, namely scale 𝑐 or 
shape 𝑘 parameter.  
Using this approach the frequency of each sector can be computed according 
to the following equation (Thøgersen, et al. 2007): 
 
𝑓𝑠𝑖𝑡𝑒,𝑖
𝑙𝑜𝑛𝑔 = [
𝑓𝑠𝑖𝑡𝑒,   𝑖
𝑠ℎ𝑜𝑟𝑡
𝑓𝑟𝑒𝑓,   𝑖
𝑠ℎ𝑜𝑟𝑡] ×   
𝑓𝑟𝑒𝑓,𝑖
𝑙𝑜𝑛𝑔
∑ [
𝑓𝑠𝑖𝑡𝑒,𝑖
𝑠ℎ𝑜𝑟𝑡
𝑓𝑟𝑒𝑓,𝑖
𝑠ℎ𝑜𝑟𝑡]× 𝑓𝑟𝑒𝑓,𝑖
𝑙𝑜𝑛𝑔𝑁
𝑖=1
                                                  (3.12)                                                   
 
where 𝑓 is the frequency, 𝑁 is the number of sectors (typically 12 or 16), and 
𝑖 is the sector under consideration.                                                               
As a caveat, the Weibull scale MCP can be used only when the reference and 
observed data sets are primarily Weibull distributions, the scaling of the 
Weibull parameters is not very large and the sector-wise frequency of the 
onsite measurements and the reference data sets are similar. 
3.3.6 Alternative regression models 
In addition to the conventionally used MCP methods explored above, several 
other regression models have been developed for wind resource assessment 
in recent years. 
Derek (1992) proposed an MCP model of the form 𝑣𝑡𝑎𝑟 = 𝛼(𝑣𝑟𝑒𝑓)
𝛽
 𝑖𝑓 𝛽 ≠
1 and argued that it could be ideal to predict the long term wind speed. Clive 
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(2008) provided some theoretical background that underpins such a technique 
as well as analytical expressions for the power term 𝛽 based on the 
assumption of the Weibull distribution of wind speed. Achberger, Ekstrom and 
Barring (2002) presented an MCP model based on linear regression of the 
orthogonal wind vector by transforming the time series wind speed data into 
eastern and northern components and applying linear regression into each of 
the components. The predicted components are then used to determine the 
resultant wind vector (wind speed and direction). 
Achberger, Ekstrom and Barring (2002) also proposed a method known as 
vector correlation. The method is based on using a vector representation of 
the target and reference wind speeds to derive a relationship for the scaling 
and translation of the wind vector between the target and reference sites. 
These authors investigated the performance of the linear regression model of 
the orthogonal wind vectors, the vector correction and the standard linear 
regression methods using wind data from a single target site collected over a 
period of nine months. They concluded that the results do not present any 
significant prediction difference. More recently, Perea et al. (2011) 
investigated a regression approach known as the ‘Weibull regression’. The 
method is based on a technique in which the correlated wind speed at the 
target and reference sites are assumed to be sampled from joint probability 
distribution. The output of this approach is a non-linear curve that can be used 
to predict the target wind speed using data observed from the reference site. 
However, investigation of the MCP approach using synthetic wind data does 
not present any significant improvement over the widely used linear 
regression and variance ratio methods. 
3.3.7 Artificial Neural Networks (ANNs) 
These are computational based method inspired by animal central nervous 
systems, particularly the brain, which are capable of understanding machine 
language and recognising patterns in noisy or complex data. The ANNs 
involve a series of interconnected neurons organised into layers that can 
compute values from inputs based on the information provided through the 
network (Rojas, 1996). Basically, the main function of ANNs is to establish a 
relationship between the input and output data, given a training data sets of 
known inputs and outputs. That is, given a set of input training data sets, the 
97 
 
ANN is able to predict the output values. This system of ANN is similar to an 
MCP technique in which the short-term reference and target wind 
measurements are used to establish a relationship between two sites. Then 
using the long-term reference wind data sets, the long-term wind resource of 
the target site can be predicted. The main benefit of artificial neural networks 
in wind resource prediction are their ability to recognise non-linear 
relationships and can also use more than one long-term data sets (Zhang, 
2015). However, it is difficult to conclude about the validity of this method to 
other MCP techniques due to lack of peer reviewed studies that considers 
short-term data. Further, artificial neural network algorithms, ANN, are 
generally difficult to implement. 
3.4 Short-term measurement periods 
The measure-correlate-predict, MCP, techniques are essentially developed 
for large-scale wind assessment where a small error can have a huge financial 
loss due to the scale of the investment. Consequently, several studies have 
recommended the use of onsite measurement period of 1-3 years in order to 
reduce the uncertainties associated with implementing a successful MCP 
technique, see for example, Jain (2011) and Derek (1992). These studies 
provide a background to the potential of using MCP techniques in predicting 
the long-term wind conditions based on short-term measurements. 
The first application of a training data period of less than 1 year in MCP 
analysis was reported by Barros and Estevan (1983).  The authors used 13 
weeks of measured data from 20 different stations which are 1000 km apart 
in the USA. The aim of the study was to predict the annual wind potential at 
one of the station by correlating it to the other stations using a method based 
on the principle component analysis. The results showed an average error of 
5% in the mean wind speed and a 10% error in the mean wind power. 
However, Skibin (1984) criticised the results and argued that the use of 
different reference data over a very large area implies that the data sets 
experience a different climate to the target site. In addition, Skibin (1984) 
queried the validity of using short-term data and argued that such data will 
result in a misrepresentation of the wind resource.  
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These findings could be compared to some of the current problems facing the 
small-scale wind industry in recent years. However, in the present case, 
however, the challenge is not that a long-term measurement may be forfeited 
in preference to a short-term one but rather when no measurement was taken 
at all which could result in an unreliable prediction of the wind resource.   
Another significant application of MCP approach to short-term training data 
was investigated by Oliver and Zarling (2010). The authors examined the 
effect of measurement periods on the validity of MCP predictions using the 
linear regression method applied to a total of 14 sites across the USA. The 
results showed significant seasonal variability in the error observed for the 
long term predicted mean wind speed. The findings from this study reveals 
the importance of seasonal variability in the reference/target sites correlations. 
However, the results were obtained using the monthly mean wind speeds 
rather than the full distribution of the wind speeds necessary for predicting the 
wind power potential. 
Therefore, there is a need for a more detailed study of the effect of using short 
term data from a single measurement point using reference data from multiple 
years to predict the wind speed distributions and associated parameters. 
3.5 MCP uncertainties 
The uncertainties associated with the MCP approaches can originate from a 
number of sources: (i) the validity of the reference data sets, (ii) the chosen 
MCP method,(iii) the length of the reference and training data, and (iv) 
whether the relationship in the overlap period between the training data and 
reference data represents the long-term relationship of the wind data (Rogers, 
Rogers and Manwell, 2006). However, there is no direct approach in reducing 
the uncertainties associated with the MCP techniques and the information 
available in dealing with these uncertainties is also limited. Consequently, an 
attempt to reduce these uncertainties is the first option in carrying out an MCP 
method. 
 According to Bass et al. (2000), the uncertainties associated with predicting 
the long-term wind resource using an MCP is strongly dependent on the 
choice of the wind data, provided the correlation coefficient is greater than 
80%. Thus, data validity is often the most influential factor in MCP uncertainty.  
99 
 
An investigation of the effects of training data length was carried out by Taylor 
et al. (2004). The study used a simple linear regression MCP method applied 
to three target sites using different training data length in order to estimate the 
mean wind speed over a 4 year period. The study revealed a strong reduction 
in the computed error when measurement period was increased to 1 year, 
after which, little or no change was observed in the measurement lengths. 
Rogers et al. (2006) also investigated the effects of training data length on a 
wide range of MCP techniques using data from 8 sites and concurrent data 
covering between 1.7 and 5 years. The study recommended a training data 
length of at least 9 months for a successful MCP analysis. 
3.6 Summary of the methodologies for small-scale wind 
resource assessment 
A detailed, although not exhaustive, description of some of the widely used 
techniques for wind resource assessment has been given. While it is not 
possible to examine the validity of all the different techniques in this thesis, 
some of the techniques will be implemented based on their proven reliability 
in previous studies. These includes the technique based on the boundary 
layer meteorology and those based on data driven approach, namely linear 
regression, LR, and variance ratio, VR, techniques. These approaches have 
been used extensively for wind resource assessment. Thus, despite the 
limitations inherent in their implementation, they serve as a useful starting 
point for the implementation of a low cost wind resource assessment 
methodology in the context of small-scale wind energy. 
These techniques along with their likely uncertainties will be evaluated in 
Chapters 4 and 5 using different range of measured wind data (training data). 
As discussed in Section 3.2, there is currently lack of reliable data into the 
use of MCP for short-training periods. Thus, the main aim of the present work 
is to assess the uncertainties associated with these techniques. 
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Chapter 4: Performance Evaluation of the Boundary Layer    
  Methodology to Wind Resource Assessment 
4.1 Overview 
 
As described in Chapter 3, the boundary layer methodology was developed 
by the UK Meteorological Office to quantify the available wind resources for 
small-scale wind energy development in the UK (Best et al, 2008). In order to 
improve the prediction capacity, a number of corrections and simplifications 
were subsequently applied to the methodology based on the surface 
roughness parameters on a local and regional scale. These corrections 
resulted in a prediction of the spatial mean wind speed at a specific location 
and height, which could then be used in combination with an appropriate wind 
speed distribution to predict the wind resource potential. The methodology is 
a valuable starting point in the assessment of wind potentials for small-scale 
wind energy development. 
The study described in this chapter is intended to achieve three goals:  (i) to 
quantitatively asses the performance of the prediction methodology at specific 
locations, since this had not been previously investigated. (ii) to explore the 
avenues in which the methodology may be improved keeping in mind the 
principles that drove the original methodology, and (iii) to assess the inherent 
uncertainties associated with the method. These core aims are summarised 
as follows: 
(i) Prediction of the wind resource potential (wind speed and wind power 
 density) by quantifying the errors between the predicted and measured 
 values at four UK locations. 
(ii) Investigation into the choice of the Weibull shape parameter used to 
 describe the wind speed distribution and recommendations for 
 improving this choice in order to maximise energy production. 
(iii) Calculation of the error metrics in the predicted wind speed and wind 
 power density due to the uncertainties in the simplification of the 
 methodology. 
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Using this approach, the likely errors in the predicted wind speed and wind 
power density are computed. Further, based on the calculated errors, 
measures are suggested on the general applicability of the methodology to 
site-specific wind resource assessments. 
 
This chapter is organised as follows: Section 4.2 describes the main 
methodology of the boundary layer scaling model, highlights potential 
improvements and describes a case study implementation at four sites. A 
comparison of the observed and predicted wind speeds, including an 
investigation to improve the implementation of the model, is given in Section 
4.3. Section 4.4 describes the potential of the model as a site screening tool 
to assess viable wind turbine sites. 
4.2 Methodology 
 
The methodology described in Section 3.1 was used as the basis for the 
current investigation. In order to evaluate the potential of the prediction 
methodology, a model is developed in Matlab. The model utilises the same 
principles as the original model described in the Met Office report (Best et al., 
2008), however, two notable differences should be mentioned with regards to 
the estimation of the aerodynamic parameters and the source of the reference 
climatology used as inputs into the model. The surface roughness parameters  
were obtained from each specific site of interest, rather than from the closest 
ordinance survey grid square that was implemented in the original model and 
the reference data were obtained from the NASA’s database known as the 
Modern-Era Retrospective Analysis for Research and Application (MERRA). 
It should be noted that the present method is better than the original method 
because it can be applied to a wide variety of sites due to the availability of 
Reanalysis data at every location of the world. Furthermore, it tends to 
produce less error when compared to the original methodology. 
4.2.1 Potential modification to the original methodology 
As discussed in Section 3.1, a number of uncertainties were introduced at 
every stage of the methodology which may potentially reduce the accuracy of 
the final predicted wind resource. Thus, it is possible to modify the 
102 
 
methodology in order to reduce these uncertainties. These uncertainties 
emanated from the downscaling stages are shown in Figure 4.1. It should be 
note that Stages I, II, III are the same with the original methodology and will 
not be discussed further. 
The particular interest in the current work is focused on the uncertainties 
arising from the downscaling process in stage (IV) (see Figure 4.1) and the 
description of the uncertainty is described as follows: 
 
Stage IV: The estimation of the aerodynamic parameters representative of the 
local region can be a challenging task. Assuming that the local region of 
interest is defined by say 100 m square surrounding the measurement site, 
the topographical features of the region can easily be determined from aerial 
photographs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: An illustration of the methodology used by the Met Office to predict 
 the spatially averaged mean wind speed. The methodology begins with 
 an input wind speed at 10 m height (I) and terminates in a predicted 
 mean wind speed at a turbine hub height (IV) in any specific terrain 
 (e.g. urban, sub-organ, coastal or rural location). 
 
(I) Mean wind speed  𝑉𝑚 at 
10 m height for 1 km grid 
above open, level ground  
(II) Long-term reference  
wind speed   𝑉𝑟𝑒𝑓 
obtained using  
roughness parameter 
representative of an 
open country  
200m 
Blending 
height 
Wind speed at specific terrain types: 
Urban, Sub-urban, rural 
(III)  Spatially uniform 
wind   speed at the 
blending height   𝑉𝑏ℎ 
using 1 km2 
averaged surface 
roughness 
 
(IV) Hub-height wind speed 
  𝑉ℎℎ obtained  using 
local  roughness 
parameter and canopy 
height 
 
 10m 
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However, some studies such as those undertaken by Grimmond (1999), Ritter 
et al. (2014), etc. revealed that the estimation of the roughness parameters is 
site specific and can easily be computed for any particular location. 
Furthermore, the local values of the roughness parameters 𝑧0 and the 
displacement height  𝑑, as well as the transition point between a logarithmic 
and exponential wind speed profile, are calculated as a function of the canopy 
height8.  Therefore, the estimated canopy height if any in the investigated 
sites will be of particular importance in the final downscaling of the mean wind 
speed.  Additionally, the choice of the Weibull shape parameter used to 
represent the predicted wind speed distribution can significantly affect the final 
wind power prediction and thus methods to select an optimal choice should 
be investigated. 
These factors were incorporated into a modified methodology and this is 
illustrated in Figure 4.2. It should be noted that the modified methodology is 
intended to predict only the spatially averaged mean wind speed which is then 
used with a Weibull distribution model to predict the wind power density. This 
approach is likely to be a reasonable approximation for well exposed 
locations.  However, for wind turbines mounted close to high rise buildings or 
other obstructions, there may be significant deviations from this spatial 
average (Heath et al., 2007; Millward-Hopkins et al., 2011). These deviations 
will likely depend on a number of factors, namely the geometry of the 
obstructions, the prevailing wind direction and the turbine position on the 
building. In such cases, appropriate correction factors must be applied in order 
to accurately assess the wind resource. Unfortunately, these corrections are 
beyond the scope of the present model which is primarily concerned with a 
simple parameterisation of the local surface characteristics of the study area. 
However, previous studies have shown that the spatially averaged mean wind 
speed can be considered as a good approximation of the lower bound to the 
wind speed experienced at a potential wind turbine location (Millward-Hopkins 
et al., 2011).  
                                                 
8 The canopy height is defined in the original methodology as the mean 
building height or the average height of the tallest buildings at any 
specific site. 
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The methodology may be summarised as follows: 
 
Stage 1: Reanalysed data were obtained from a reference climatology (the 
Modern-Era Retrospective Analysis for Research and Application MERRA) for 
a specific location in Beighton, Sheffield, UK where this study is the primary 
focus in this thesis. Details of the data sets are provided in Section 4.2.4. A 
similar method has been used by Rose and Apt (2015); Kubik et al. (2013) 
and Zhang et al. (2015). 
 
Stage II: The horizontal interpolation method developed by Ritter et al. (2014) 
was used in this stage to extract wind speed data from the closest unobserved 
location to the primary data collection site. The approach is based on the fact 
that every location lies within a rectangular area covered by the four nearest 
grid points. The wind speeds at these four points, i.e. the eastward and 
northward components 𝑢ℎ and 𝑣ℎ in 2m, 10 m and 50 m heights are 
interpolated from the turbine location weighted by their horizontal distance. 
This method assumes that the influence decreases with increasing distance. 
Given the short distances (maximum distance to the nearest grid point is about 
26.22 miles/42.20 Km and the regular pattern of the MERRA grid, inverse 
distance weighting is a reasonable way forward. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Modified methodology based on the boundary layer model used 
 for the current investigation. This is referred to as Model A in this thesis. 
Stage I: Long-term reference  
wind speed  𝑉𝑟𝑒𝑓 database  
Stage II: Horizontal interpolation 
Stage III: Vertical extrapolation of wind speed 
to turbine hub height:  ?̅?𝑎𝑣 (𝑍) =
𝑣∗
𝜅
𝑙𝑛 (
𝑧−𝑑
𝑧0
)                 
 
Stage IV: Wind power prediction 
?̅?𝑑 =
1
2
 𝜌𝐶𝑝 [
?̅?
Γ(1 + 1/𝑘
]
3
 Γ (
𝑘 + 3
𝑘
) 
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However, other interpolation technique, namely Kriging, polynomial, or spline 
interpolation (Luo et al., 2008) may also be used. 
 
After interpolation, the two components of the wind speed for each height are 
put together to obtain the absolute values of the wind speed using the 
following expressions (Ritter et al., 2014): 
 
𝑉ℎ = √𝑢2ℎ + 𝑣2ℎ                                                                                                                 (4.1) 
 
where  ℎ  is 2, 10, and 50 m.                                                                          
 
The wind direction 𝜑𝑉ℎ  at this height can be obtained using the follows 
expression (Ritter et al., 2014): 
 
 𝜑𝑉ℎ = tan
−1 (
𝑣ℎ
𝑢ℎ
)                                                                                                                (4.2) 
 
Stage III: The vertical extrapolation is used to downscale the MERRA wind 
speed to a typical small scale wind turbine height.  Hence, the extracted wind 
speeds at height ℎ need to be extrapolated to a new hub height 𝑧. One 
extrapolation method is given by the power law (Brown et al., 1984; Kubik et 
al., 2013) as follows: 
 𝑉𝑧 =  𝑉ℎ (
𝑍
𝑍ℎ
)
𝛼
                                                                                                                      (4.3) 
 
where  𝑉𝑧 is the wind speed at some height above the ground 𝑍,  𝑉ℎ denotes a  
known wind speed at height 𝑍ℎ and 𝛼 is the wind shear coefficient which 
depends on the stability of the atmosphere and can be derived empirically, but 
the results are very sensitive to the modelling accuracy and appropriate 
assumptions (Firtin et al., 2011). The power law approach gives a ‘‘reasonable 
first approximation’’ to wind resource modelling (Brown et al., 1984). However, 
the approach described in Eqn (2.23) and restated here for convenience is 
applied in this study, namely 
?̅?𝑎𝑣 (𝑍) =
𝑣∗
𝜅
𝑙𝑛 (
𝑧−𝑑
𝑧0
)                                                                                            (4.4)    
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where  ?̅?𝑎𝑣  is the spatially averaged mean wind speed at height 𝑧, 𝑣∗ is the 
friction velocity, 𝜅 = ~0.41 is the von Karman constant and,  𝑑 and 𝑧0  are the 
displacement height and roughness length, respectively.  
Using this equation, the wind speed at a proposed turbine hub height 𝑧 can 
be predicted without detailed knowledge of the friction viscosity 𝑣∗, provided 
that the other variables in the equation are known. Thus, the only unknown 
variables are 𝑑 and 𝑧0 which are collectively called the aerodynamic 
parameters and are of particular interest since they describe the 
characteristics of the surface roughness. The estimation of the aerodynamic 
parameters is given in the following subsection. 
Stage IV: After the wind speed at a potential turbine hub height has been 
derived, the most important step is the conversion into produced energy. One 
way of achieving this step is to use a Weibull distribution model along with the 
predicted mean wind speed and applying a physical transformation, such as 
the wind power density ?̅?𝑑 , which was described in Section 2.4.1, but it is 
restated here for ease of reference as follows: 
  
?̅?𝑑 =
1
2
 𝜌𝐶𝑝 [
?̅?
Γ(1+1/𝑘
]
3
 Γ (
𝑘+3
𝑘
)                                                                                              (4.5) 
 
where 𝜌 denotes the air density, 𝐶𝑝 denotes the Betz limit (=16/27), which 
describes the maximum theoretical energy a turbine can extract from the wind. 
4.2.2 Estimation of the local aerodynamic parameters  
The estimation of the surface roughness parameters in stage III of Figure 4.2 
is required in order to downscale the hub height of the observed wind speed 
to a new turbine hub height representative of a small-scale wind turbine. 
These parameters are obtained as a function of the mean height ℎ𝑚, and 
frontal area density 𝜆𝑓 , of the roughness elements based on Raupach (1994) 
and expressed as follows (Best et al., 2008; Weekes, 2014): 
 
𝑑
ℎ𝑚
= 1 −
1− 𝑒𝑥𝑝(−√15𝜆𝑓)
√15𝜆𝑓
                                                                                                          (4.6)     
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𝑍0
ℎ𝑚
= (1 −
𝑑
ℎ𝑚
) 𝑒𝑥𝑝 (−
−𝜅
min(√0.003+0.3𝜆𝑓,0.3)
+ 0.193)                                                 (4.7)                                            
                                                            
To obtain the values of the mean height ℎ𝑚, and frontal area density 𝜆𝑓, 
Grimmond and Oke (1999), the values recommended by Grimmond and Oke 
(1999), and shown in Table 4.1, are used. 
It must be emphasised that this process of  identifying the local site 
characteristics and relating the descriptions to the specific values of the 
aerodynamic parameters has a high degree of uncertainty and this has also 
been reported by Best et al. (2008) and Weekes (2014). 
Using this principle, the local sites were identified and linked to the values of 
the roughness parameter in Table 4.1.  
Table 4.1: Local terrain classification and associated mean height of the 
 roughness elements ℎ𝑚, and frontal area density 𝜆𝑓.  (Reproduced from 
 Grimmond and Oke, 1999). 
Terrain class Description ℎ𝑚(m)  𝜆𝑓 𝑍0
ℎ𝑚
 
𝑑
ℎ𝑚
 
Open countryside Rural areas with 
little building 
- - 𝑍0=0.14 𝑑0 = 0 
Woodland Mature trees 19.5 0.53 0.05 0.67 
Urban low height 
and density 
Small buildings and 
trees that are far 
apart 
6 0.15 0.10 0.48 
Urban medium 
height and density 
Mixed height 
buildings of 2-4 
stories and trees. 
9 0.2 0.12 0.52 
Urban high height 
and density 
Closely spaced 
buildings of 4-6 
stories and trees. 
12 0.3 0.13 0.59 
Urban very high 
height and density 
Tall towers of 
various heights in 
dense urban areas 
25 0.3 0.13 0.59 
 
It should be noted that no site in the current study were identified as belonging 
to the urban category, although they are listed for completeness. 
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4.2.3 The Numerical Objective Analysis of the Boundary Layer 
(NOABL) – Microgeneration Certification Scheme (MCS) 
Method 
 
For the UK, the NOABL-MCS method is the best practice guide currently 
recommended for small wind turbine installation. The method sets out the 
microgeneration installation standard (MCS, 2013) that must be met in order 
for small wind turbines to receive financial incentive via the Feed-in-Tariff. In 
the NOABL-MCS approach, the wind resource assessment involves a simple 
scaling of the NOABL 10 m wind speed using the following procedure: 
(i) The site is identified and categorised according to one of the 
terrains described in Table 4.1. 
(ii) Potential obstacles are identified both upwind and downwind of the 
site based on the prevailing wind direction. 
(iii) The height of the obstacles are used as a correction factor to the 
height of the turbine using the expression: ℎ𝑐 = ℎ𝑡 − 0.8ℎ𝑜, where 
ℎ𝑐 represents the corrected turbine height, ℎ𝑡 is the actual turbine 
height above the ground level and ℎ𝑜 indicates the height of the 
highest obstacles within the site. 
(iv) The mean wind speed for a particular site is then obtained from a 
table of corrected NOABL 10 m wind speeds for heights between 1 
and 100 m. 
It should be noted that step (iv) of the NOABL approach is roughly an 
approximation of the logarithmic wind speed profile based on the local site 
conditions. While this approach provides corrections to the NOABL 10 m wind 
speeds, it is relatively simple when compared to the model described above. 
For example, the method only considers obstacles in the prevailing wind 
direction and no representation of the regional terrain is included. To highlight 
these issues, the NOABL- MCS prediction tool was used to extract wind speed 
data from the investigated sites and these values were compared with those 
of the present model. 
109 
 
4.2.4 Terrain classification 
In order to assess the effect of a particular terrain on the prediction accuracy, 
sites were chosen in close proximity to the primary data collection point which 
is categorised as a rural location. Classification of the neighbouring sites was 
made from a subjective analysis of satellite images of a region covering 
several kilometres at the specific sites. In general, the terrain classification will 
match the local site category defined in Table 4.1. Details of all the sites 
investigated, including their geographical locations are described in the 
following subsections. 
4.2.4.1 Detailed site description 
Due to the variability of the wind and other local effects, only certain sites are 
suitable for small wind turbine installation. Therefore, six locations close to the 
primary data collection site were initially identified for investigation. However, 
after a preliminary screening of the sites wind resource, the mean wind speeds 
and the wind power density are compared against a predefined viable value 
for small-scale wind turbines based on a mean wind speed viability criterion 
of 4-5 m/s (AWS Scientific Inc. & NREL, 1997; Martin-Martínez, et al., 2012) 
and the power density based on the international electrochemical commission 
classification (IEC, 2008).  If the predicted wind power density is below this 
value, the site is non-viable for wind turbine installation and are excluded from 
further analysis. The success achieved at this stage is investigated by 
comparing the predictions at the potential viable sites. 
Using this criteria, four sites, namely Beighton, IIkeston, Bilsthorpe and Colby 
were deemed viable and were further investigated to determine the available 
wind resource. The proposed sites are located in different counties in England 
and are characterised by a moderate relief with low hills and plains. Significant 
seasonal climatic variations could be observed with high temperatures in the 
summer season and very cold and sometimes snowy winters.  In addition, the 
sites have low population density and the lands are state-owned and not 
declared as a natural reserve. Furthermore, the proposed sites are linked with 
good road access. Therefore, harnessing wind power in these locations does 
not pose any significant threat to the general population and wildlife. Figure 
4.3 shows the approximate location map of the proposed sites in England. A 
brief description of the sites is given as follows: 
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Beighton 
Beighton is the primary monitoring location considered in this study and is 
located in the eastern part of Sheffield, on the border with Rotherham and 
covers an area of approximately 5.7 km2. This location was chosen as the 
target site because it is the Europe’s leading centre for novel research into low 
carbon technology and long term data for wind speed measurement are 
available. Beighton is located at 52.60 N and 1.48 E. The climate is moderated 
by prevailing southwest winds over the North Atlantic Ocean. The total 
population of Beighton in 2011 was 17,939 people (UK Census Data, 2011). 
Beighton is considered a strategic location in this study because it is relatively 
flat with low hills and is primarily a coal mining area. 
Ilkeston  
IIkeston is a town in Derbyshire, England. It lies on the River Erewash. It is 
located South of Beighton at 53.000° N latitude and 1.333° W longitude. Its 
population as at 2001 census was 37,550 people. Ilkeston is a major location 
due to the many attractions such as traditionally coal mining, iron working and 
lace making.    
Bilsthorpe  
Bilsthorpe is located East of Beighton at 53.000 and N 0.667 W with an 
elevation of 121 m is a village in the Newark and Sherwood district of 
Nottinghamshire, England. As per the 2001 census its population was 3,076 
people.  
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Figure 4.3: An approximate geographical location map of the study sites used 
 to compare predicted and measured mean wind speeds studied 
 sites.  (Google Earth, 2015). 
 
Colby   
Colby is an 8.34 km2 village in the County of Norfolk located South East of 
Beighton at 52.500 N and 0.667 W. As per the 2001 census its population was 
524 people. The strongest winds in Colby occurs in the winter months.  
4.2.5 Metrological measurements  
 
To compare the predicted wind resource potentials with measurements from 
the proposed sites, a data collection methodology based on a quantitative and 
wind energy measurement network was developed. Since the current study is 
concerned with predicting the wind resource for a small-scale wind turbine, it 
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is necessary that the data used for validation and testing reflects the heights 
similar to small-scale wind turbines as listed in Table 2.1. From this table, it is 
clear that the typical hub heights for small wind turbines range between 10-35 
m. At these heights, the local site features, such as the surface roughness, 
may have a significant impact on the wind flow. However, to ensure that the 
wind resource prediction is evaluated in realistic scenarios representative of 
small-scale wind turbine height, the data used for this study were obtained 
within this recommended range. 
Two kinds of data, namely production data or wind speed data can be used to 
estimate the wind resource. Production data of nearby wind farms have the 
advantage that they reflect the true fluctuations and require no 
transformations, which might result to an estimation bias. Nevertheless, this 
approach involves making equal assumptions on the geographical and 
technical conditions of the region of interest. This approach has been criticised 
because of its unreliability (see for example Ritter et al., 2011) and it is unclear 
how it can be used to estimate the wind potential of an unobserved location. 
Another approach is to derive a wind energy index based on wind speed data, 
which are better available than the production datasets. The most commonly 
used data in wind resource assessment is weather station data because it 
objectively measures the actual wind speed at certain locations. However, 
using such data for this aim comes under criticism: the availability of weather 
station data is often limited; the historical data records might be incomplete; 
these datasets are often not located at realistic locations of wind turbine sites. 
In the UK, data is available through the Meteorological Office anemometer 
network which archives long-term surface wind speed measurements in the 
Met Office Data Archives System (MIDAS) (2012). However, this data requires 
more processing and further details to identify and are not usually available at 
all locations. An alternative dataset which has been used increasingly in wind 
resource assessment in recent years is re-analysis data, such as the Modern-
Era Retrospective Analysis for Research and Applications (MERRA) provided 
by the National Aeronautics and Space Administration (NASA) Earth 
Observing System Distributed Information System (Carta et al., 2013; ESRU, 
2015; Kubik et al., 2013; Green, 2014). 
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These datasets reconstruct the atmospheric state by integrating observation 
data with numerical models to produce high quality global synthesis of several 
climate variables such as conventional and satellite data (Rienecker et al., 
2011). They are easily available at any location worldwide and they provide 
wind data at a high spatial resolution of 1/2° latitude and 2/3° longitude and 
on an hourly temporal resolution since 1979. Furthermore, MERRA re-
analysis datasets typically produces good data quality that is not usually 
recorded with historical data sets, making it particularly attractive for wind 
resource applications (Brower, 2012). The wind recordings consist of a 
northward and eastward wind components at three different heights (2m, 10 
m, 50 m above the ground), which are used to extract the wind speed and 
wind direction at a potential turbine hub height. There are other reanalysis 
data sources, namely NCEP/NCAR (National Centre for Environmental 
Prediction/National Centre for Atmospheric Research), ERA-Interim 
(European Centre for Medium-Range Weather Forecasts Re-Analysis, and 
CFSR (Climate Forecast System Reanalysis). However, there is no 
consensus so far on the superiority of one particular reanalysis model 
(Jimenez et al., 2012; Carvalho, et al., 2014). Thus, in this thesis, MERRA 
data was used to obtain wind speed and direction data at the nearest four 
locations to the primary data collection point. 
To avoid seasonal bias, a minimum criterion of 95% data coverage over a 
period of 12 months was applied to the entire data sets to ensure 
representative mean wind speeds and directions that were obtained from the 
sites. Furthermore, to ensure consistency in the derived wind speeds and wind 
power density, all the observed data was converted to hourly means before 
being subjected to further analysis. The resulting wind speed and direction 
data at each site were checked for inaccurate readings before further analysis. 
The measured data at each site is thus representative of the one year wind 
speed over the period January 1, 2015 to December, 31 2015 as shown in 
Figure 4.4. 
Figure 4.4 (a-d): Observed wind speed as a function of the month and time at 
each of the investigated sites.  00:00 (12 midnight) represents the beginning 
of the time step from each month and ends at 23.00 hours before a new month 
starts. 
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(a) Beighton site 
 
(b) IIkeston site 
 
(c) Bilsthorpe site 
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(d) Corby site 
Figure 4.4 (a-d) shows the average wind speeds variations, hour by hour and 
 month by month, at a height 10 m for a 12 months period. It can be 
 seen that the winter months (Dec. - Feb.) are windier than the other 
 seasons. This sort of variability is typical in wind characteristics but 
 more trends will be revealed in Section 4.3. 
 
4.2.6 Error Metrics 
On comparing the predicted wind resources with measurements at the 
proposed sites, three main errors were utilised to test the validity of the 
prediction methodology, namely the mean absolute error (MAE), the root 
mean square error (RMSE) and mean biased error (MBE). A brief review of 
these errors is given as follows: 
4.2.6.1 Mean absolute error 
The mean absolute error (MAE) is a measure of how closely a set of predicted 
values match the set of observed or true values. It is expressed according to 
the following equation: 
 
MAE= ∑
1
𝑛
𝑛
𝑖=1 |?̂?𝑝𝑟𝑒𝑑, − 𝑦𝑜𝑏𝑠,𝑖|                                                                                     (4.8) 
where 𝑛 is the total number of samples in the data set, ?̂?𝑝𝑟𝑒𝑑,𝑖 is the predicted 
value,  𝑦𝑜𝑏𝑠 is the observed value. 
4.2.6.2 Root mean square error (RMSE) 
The root mean square error (RMSE) is given by the following expression: 
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RMSE= ∑ √
1
𝑛
(?̂?𝑝𝑟𝑒𝑑 − 𝑦𝑜𝑏𝑠)
2
𝑛
𝑖=1                                                                        (4.9)                                                                         
 
4.2.6.3 Mean biased error (MBE) 
The mean bias error (MBE) is a measure of how closely a set of predicted 
values match the set of observed or true values. It is given as follows: 
MBE= ∑
1
𝑛
𝑛
𝑖=1 (?̂?𝑝𝑟𝑒𝑑 − 𝑦𝑜𝑏𝑠)                                                                             (4.10)                                                                                
4.2.6.4 R squared test 
The R squared (𝑅2) or the Coefficient of Determination is a statistical measure 
of how close a data set are to the fitted regression line (Nadaei, 2014), and is 
most often seen as a number between 0 and 1. Therefore, in this thesis, 𝑅2 is 
used as a goodness of fit parameter which shows how closely the fitted 
Weibull distribution matches the measured wind speed data. Values of 
𝑅2 approaching 1 indicates a good fit.  
𝑅2 can be calculated using the following expressions (Nadaei, 2014): 
𝑅2 =
∑ (𝑦 𝑖−𝑍
∗)2𝑁𝑖=1 −∑ (𝑥𝑖−𝑦𝑖)
2𝑁
𝑖=1
∑ (𝑦 𝑖−𝑍
∗)2𝑁𝑖=1
                                                                           (4.11) 
 
where 𝑦 𝑖 is the ith observed data (wind speed and power density),  𝑍
∗ is the 
mean value of the observed data, 𝑥𝑖 is the ith predicted data using Weibull 
distribution and 𝑁 is the total number of observations. 
4.3 Results and discussions 
4.3.1 Comparison of the observed wind speed with the predicted 
wind speed (data validation) 
The quality of wind speeds are a determining factor for site selection when 
considering a location for wind turbine installation.  Understanding the 
absolute wind speed at a potential wind turbine site before having to carry out 
an onsite measurement campaign reduces the high investment risks to 
developers during site selection and development. Thus, the performance of 
Model A is assessed by comparing the predicted wind speed with the wind 
speed output (observed) by MERRA. By this comparison, the relative 
differences of the two data sets can be determined.  
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 It must be emphasised that the absolute wind speed is not necessarily a 
representative of the long-term mean wind speed at the investigated sites, but 
instead provides insight into the relative differences between the predicted 
wind speed and the MERRA data. 
To reduce the effect of seasonal variability and uneven measurement periods 
as discussed earlier, a mean of the ‘‘monthly means’’ (MoMM) approach was 
used to reduce the length of the data as follows: 
(i) All data corresponding to a single month (i.e. 1st January to 31st 
January over a one-year period) was averaged to get a single wind 
speed average for the 12 months of the year. 
(ii) An overall average was calculated by weighting each month by the 
average number of days in that month. 
Table 4.2 shows the results and the corresponding difference from each site 
between the predicted wind speed and the MERRA output. The results 
demonstrate that the MERRA wind speeds are slightly lower than the 
predicted wind speeds using Model A. On averaging across all sites, MERRA 
consistently under-predicts the overall wind speeds at all the investigated sites 
with an average error of about 0.42%. 
Table 4.2: Comparison of the predicted absolute winds speed using Model A 
 with MERRA wind speed at the height of 10 m. 
Site Name Predicted hourly wind 
speed  using Model A 
(m/s) 
Observed 
MERRA  
Hourly wind 
speed (m/s) 
Difference 
Beighton 6.037 6.036 0.01% 
Ilkeston 5.653 5.643 0.17% 
Bilsthorpe 5.978 5.914 1.07% 
Corby 6.053 6.025 0.46% 
All 5.930 5.904 0.42% 
 
Furthermore, Figure 4.5 depicts the comparison of the predicted mean 
monthly wind speeds with the observed wind speed from MERRA for the full 
12 month period (January-December 2015).  
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Figure 4.5: Comparison of predicted wind speed (red coloured symbol) versus 
 observed wind speed (MERRA database). The solid line indicates a 
 one-to-one relationship between the predicted and observed wind 
 speeds. 
 
Note that the original values of the MERRA wind speed were obtained at a 
height of 50 m and were downscaled to the appropriate turbine hub height 
representative of small-scale using the logarithmic profile for wind speed 
described in Equation (2.22) with no correction applied to the site 
characteristics (i.e. using the values of the aerodynamic parameters 
representative of open country as 𝑍0=0.14 m and 𝑑 = 0). 
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The results show that the prediction made using Model A exhibited the general 
wind speed trend with the data observed from MERRA, although the scatter 
plot shows relatively low site specific errors in the predicted values, thus 
reflecting the uncertainty associated in the input parameters.  
Furthermore, Figure 4.5 shows that the monthly predicted mean wind speed 
from the Beighton, Ilkeston, Bilsthorpe and Corby sites range from 4.8-8.6 
m/s, 3.5-8.4 m/s, 4.4-8.4 m/s and 4.7-8.7 m/s, respectively. Also, it can be 
seen that the predicted wind speed using Model A is in close agreement with 
those obtained from the NASA Modern-Era Retrospective Analysis for 
Research and Applications (MERRA).  
In Figure 4.6, the NOBAL-MCS prediction is compared with the predicted wind 
speed at 10 m height.  
 
Figure 4.6: Predicted annual mean wind speed at all sites using Model A 
 compared with a benchmark predication obtained directly from the 
 NOABL-MCS database at a hub height of 10 m. 
 
The NOABL-MCS can be seen to show a similar trend for the general wind 
speed pattern across the sites. Overall, these results demonstrate that despite 
the site specific errors, the prediction made using the scaling model (Model A) 
is in good agreement with both the observed wind speed from MERRA and 
the output from the NOABL-MCS method. 
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The error metrics obtained for Model A at each specific site using the MERRA 
wind speed database as input is shown in Table 4.3. It can be seen that across 
all metrics, the errors are not too high. This is not surprising since all of these 
locations are in the rural sites. Generally, sites in rural locations tend to be 
well exposed and are less subject to abrupt changes in surface roughness or 
local perturbations due to buildings and hence they conform more closely to 
the idealised model described in Figure 4.1. Overall, the absolute error ranges 
from 0.01-0.80 m/s at the Beighton site, 0.02 - 0.65 m/s at Ilkeston and 0.03-
0.79, 0.01-0.79 m/s at Corby, respectively. 
Table 4.3: Error metrics associated with the predicted wind speed compared 
        over four target sites using Model A. 
 
Error 
metrics 
Methodology Beighton Ilkeston Bilsthorpe Corby All 
MAE 
(m/s) 
Model A 
(MERRA) 
0.18 0.19 0.19 0.19 0.19 
RMSE 
(m/s) 
Model A 
(MERRA) 
0.20 0.21 0.21 0.21 0.21 
% Error Model A 
(MERRA) 
10.76 10.03 10.75 10.75 10.57 
 
Further insight into the errors can be gained by analysing the residual errors 
in the predicted mean wind speed, 𝜀?̅?, defined by the following expression: 
 
𝜀?̅? =?̅?𝑜𝑏𝑠 − ?̅?𝑝𝑟𝑒𝑑                                                                                        (4.12)                                                                                                                                        
                                                                                                 
 
The distribution of the residual error is shown in Figure 4.7 for Model A using 
both MERRA and NOABL wind speed data as input. The results clearly show 
that the prediction made using the NOABL database have a small negative 
bias at the second and third sites (tendency to underestimate), while the 
predictions made using the wind speed from the MERRA database exhibits a 
positive bias at all the sites. This is presumably due to the positive bias in the 
NOABL reference database which has been previously reported by Best et al. 
(2008). Thus, due to the better performance of the observed wind speed from 
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the MERRA compared to the NOABL, the predictions that will follow 
subsequently will be made using only the MERRA database as input. 
 
 
 
Figure 4.7: Distribution of the residual errors in the mean wind speed for 
 different implementations of the prediction methodology at the 4 
 investigated sites. 
 
4.3.2 Wind speed probability distribution and direction analysis 
Wind speed probability distributions are used to characterise the wind speed 
observations at any location. The choice of this distribution is vitally important 
in wind resource analysis because wind power prediction is strognly 
dependant on the parameters of wind speed distribution. Selecting an 
appropriate distribution will ultimately reduce the uncertainties in the predicted 
wind power.  
The probability distribution of the mean average wind speed across all sites 
at 10 m height has been estimated using the Maximum Likelihood Method 
(Section 2.4.1.1), and the results are shown in Figure 4.8.  
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Figure 4.8: Weibull probability distribution function calculated using the 
 maximum likelihood method (Seguro and Lambert, 2000) and 
 histogram of the actual wind speed data (green bars) for the 4 
 investigated sites. 
 
The shape and size of the Weibull function is impressive. The probability 
distribution function is evenly distributed at all sites with very low probability of 
wind speed of less than 4 m/s. The results give an indication of finding high  
wind speeds in the range between 4-8 m/s which can be utilised for wind 
power production. The frequency distribution indicates that the maximum 
probability of average wind speed at all sites occurred at about 6-7 m/s. 
(a) Beighton site 
(b) Ilkeston site 
(c) Bilsthorpe (d) Corby 
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Furthermore, these plots demonstrate that the data histograms very closely 
approximate the prediction made using the Weibull distribution. 
On the other hand, wind direction plays an important role in the optimal 
positioning of a wind turbine in any given location. Wind rose plots for each of 
the investigated sites were created using the commercial code Windographer 
version 4 from the wind speed and direction data for 10 m height. The full 
cycle (360°) is divided into 16 sectors.  Figure 4.9 shows the wind frequency 
distribution by direction, and they show that the predominant wind is available 
from the south-west direction. This means that the most energy are available 
in the south west direction. 
 
Figure 4.9: Wind rose plots showing the prevailing wind directions at the 
 investigated sites. 
 
These results is also consistent with the prevailing wind direction in most UK 
locations which was reported in the work of Aris (2013). 
(a) Beighton site (b) Ilkeston site 
(c) Bilsthorpe site 
(d) Corby site 
W 
N 
S 
S 
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There are more variations in the direction and speed of the wind within each 
month of the year and this is shown for the Beighton site in Appendix /I/. 
Important observations about the wind distributions can be revealed when the 
data is visualised in this way. 
4.3.3 Sensitivity to the Weibull shape parameter 
 
Although an accurate estimate of the wind speed at any given site is the 
starting point in predicting the site wind resource, in cases where the onsite 
measurement campaign is not part of the resource assessment, some 
assumptions must also be made regarding the distribution of the wind speed 
at such sites.  Typically, the Weibull two-parameter distribution is the preferred 
choice for this purpose since it has been shown to represent a wide range of 
wind regimes (see for example Jain, 2011, Manwell et al., 2008; Justus et al., 
1976). The Weibull distribution is defined by a mean wind speed and a shape 
factor which describes the spread of the wind speeds about the mean. Due to 
the non-linear relationship between the wind speed and wind power, as 
described in Section 2.4.1, the value of the shape parameter 𝑘 will ultimately 
affect the predicted power in the wind.  
To evaluate the influence of the shape parameter on the predicted wind 
power, it is useful to express the Betz mean power density ?̅?𝑑, in terms of the 
Weibull distribution parameters as follows (Jain, 2011; Manwell et al., 2009): 
?̅?𝑑 = 0.5 (
16
27
) 𝜌 [
?̅?
Γ(1+1/𝑘𝑜𝑏𝑠
]
3
 Γ (
𝑘+3
𝑘
)                                                           (4.13)                                                                                
 
in which the factor  
16
27
  indicates the Betz limit, 𝜌 is the air density and Γ is the 
gamma function. 
A question worthy of investigation is the impact of the shape parameter on the 
predicted power density at each specific site. This equation can be used to 
investigate the sensitivity of the power density ?̅?𝑑 to the observed shape 
parameter 𝑘𝑜𝑏𝑠. 
The plot described by Eqn. (4.13) is depicted in Figure 4.10 for the values of 
the observed shape parameter 𝑘𝑜𝑏𝑠. The result shows that the maximum 
power density is attained when the observed shape parameter is 3.5 at all 
sites, and thus it is possible to consider how accurately we must be able to 
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predict the wind power density based on the choice of the Weibull shape 
factor. For each of the 4 measurement sites, the maximum likelihood algorithm 
described in Section 2.4.1.1 was used to fit the Weibull distributions to the 
observed wind speed,  thus resulting in a range of shape parameters, 𝑘𝑜𝑏𝑠 =
2.2 − 3.5. 
 
Figure 4.10: Predicted wind power density as a function of the shape 
 parameter for the 4 investigated sites. 
 
For these sites, the coefficient of correlation 𝑅2, which indicates how a model 
fits the actual values or numerical prediction is shown in Figure 4.11. Overall, 
Figure 4.11 show that the values of 𝑅2 is close to 1.  
 
 
Figure 4.11: Error metrics using the coefficient of correlation (𝑅2) to compare 
 how the observed Weibull shape parameter fits the predicted wind 
 power density. 
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Generally, the value of 1 for 𝑅2 indicates that 100% of the total variation in the 
fitted response can be explained in a linear relationship. Therefore, for value 
of 𝑅2 closer to 1 the better is the fit.   
Errors arising from the predicted wind power density will usually result from 
the uncertainties in both the predicted wind speed ?̅?𝑝𝑟𝑒𝑑 and the observed 
shape parameter 𝑘𝑜𝑏𝑠.  However, it is possible to calculate the relative 
magnitude of the fractional errors in the predicted power density resulting from 
these two error sources. In the case of uncertainties arising from the predicted 
wind speed ?̅?𝑝𝑟𝑒𝑑, the errors in the predicted wind power density ?̅?𝑑 will be a 
function of the observed wind speed ?̅?𝑜𝑏𝑠.  
Given that the observed values of the shape parameter range from 𝑘𝑜𝑏𝑠 =
2.2 − 3.5, we can consider the best approach to predict the mean power 
density based on the choice of the shape parameter.  
Figure 4.12 shows the comparison of the observed wind power density at all 
sites using the modifications suggested in this methodology.  
 
 
Figure 4.12: Comparison of the observed and predicted wind power density 
 at all 4 sites. The solid line represents a one-to-one relationship. 
 
The results revealed that across all sites, the predicted wind power density is 
within the same bound as the observed wind power density, thus indicating 
that the uncertainties in the predicted wind speed and the observed shape 
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parameter will not have a significant impact on the prediction of the power 
density. 
 
This does not mean that improvements in the observed wind speed ?̅?𝑜𝑏𝑠 and 
the shape parameter 𝑘𝑜𝑏𝑠 will not increase the accuracy of the predicted wind 
power density ?̅?𝑑, rather, it is an indication of the relative contribution of these 
error sources to the predicted wind power density ?̅?𝑑. 
A question worthy to be asked is how can an optimum value of the observed 
shape parameter 𝑘𝑜𝑏𝑠 be chosen in order to accurately calculate the wind 
power density. 
Since the plot shown in Figure 4.10 is not a linear relationship, the mean value 
of the observed shape parameter 𝑘𝑜𝑏𝑠 is not necessarily equal to the optimum 
value. Hence it is possible to calculate an optimum value, known as an 
assumed shape parameter 𝑘𝑎𝑠𝑠, that will results in maximising the wind power 
density and reducing the errors to the lowest minimum when combined at all 
sites.  
For instance, given a set of observed values 𝑘𝑜𝑏𝑠, across 𝑛 sites and an 
assumed constant shape parameter 𝑘𝑎𝑠𝑠, used to evaluate the wind power 
density at the 𝑛𝑡ℎ site, the combined fractional error in the predicted power 
density  ?̅?𝑑 at all sites, 𝜀 ?̅?𝑑(𝑘𝑎𝑠𝑠) is given according to the following 
expressions (Weekes, 2014): 
 
𝜀 ?̅?𝑑(𝑘𝑎𝑠𝑠) = ∑ [1 −
Γ(1+1/𝑘𝑎𝑠𝑠)
Γ(1+1/𝑘𝑜𝑏𝑠,𝑛)
]
3
𝑖
Γ(1+3/𝑘𝑜𝑏𝑠,𝑛)
Γ(1+3/𝑘𝑎𝑠𝑠)
                                                     (4.12)                                                                            
 
 
This equation can be solved iteratively with respect to the assumed shape 
parameter, 𝑘𝑎𝑠𝑠 , to find an optimum value given a set of observed values of 
the shape parameters 𝑘𝑜𝑏𝑠. In the present case of the 4 sites investigated in 
this study, the optimum value for  𝑘𝑎𝑠𝑠 is 2.6, which is also very close to the 
mean values of the observed shape parameter 𝑘𝑜𝑏𝑠. 
It is important to note that the above discussion is based on the assumption 
that the datasets are accurately represented by a Weibull probability 
distribution. This was found to be true for the 4 four sites investigated in this 
study as represented in Figure 4.8. Therefore, in the absence of no contrary 
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site specific information, the assumption of the Weibull distribution appears to 
be justified. 
 
4.3.4 Overall performance of the prediction methodology 
 
Generally, the validity of a wind resource prediction methodology may be 
assessed by its ability to accurately predict the available wind power, as tested 
by comparison with actual measurements. In the present study, measured 
wind speeds were collected across the 4 sites for a period of one year to 
account for monthly variability in the wind speed patterns. Hence, in order to 
calculate the observed wind power density ?̅?𝑑, a Weibull probability 
distribution was fitted to the actual measurements from each site using the 
maximum likelihood method described in Section 2.4.1.1. and the extracted 
values of the observed shape parameter (𝑘𝑜𝑏𝑠) was used along with the mean 
wind speed calculated to the wind power density using Eqn. (4.5). 
The error metrics described in Section 4.2.5 are then used to investigate the 
success of the performance methodology. Table 4.4 compares the calculated 
wind power density with the associated errors at each site. 
 
Table 4.4: Predicted wind power density with associated errors across all the 
 4 sites investigated at a hub height of 10 m using Model A. 
Sites  ?̅?𝑑 
(W/m2) 
observed 
 ?̅?𝑑 
(W/m2) 
calculated 
𝑅2 MAE MBE % Error  
Beighton 223.3 222.9 0.96 1.41 -0.85 
 
17 
Ilkeston 179.4 178.9 0.95 1.31 -1.3 27 
Bilsthorpe 217.8 217.0 0.95 1.39 -1.3 36 
Corby 220.0 219.5 0.94 1.40 -1.4 22 
All (average)   0.95 1.37 -1.2 25 
 
These results in Table 4.4 show that the model predicted the wind power 
density with reasonably accuracy. Also, Table 4.4 includes the mean bias 
error (MBE) and % Error. These errors are useful indicators as to whether the 
predicted wind power density is over-or underestimated. At all the sites, the 
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MBE and % errors show the directions of the error bias and it demonstrates 
that the model slightly unpredicted the wind power density. 
Figure 4.11 compares the distribution of the annual errors in the predicted 
wind power density. This is a useful guide to the likely errors in the predicted 
value of the power density using this methodology. Furthermore, the error 
metrics across all sites are compared in Table 4.3 and Figure 4.7. On average, 
this error shows a clear improvement of Model A when using data from the 
MERRA database as compared to the NOABL database. 
 
It is important to note that due to the cubic relationship between the wind 
power and wind speed, over estimation of the predicted mean wind speed 
( ?̂?𝑝𝑟𝑒𝑑 ) will significantly affect the predicted wind power density (𝑝𝑑) than 
under-estimates of the same magnitude. Thus, the reduced errors observed 
in the predicted wind speed  ?̂?𝑝𝑟𝑒𝑑  does not automatically translate to reduced 
errors in the predicted wind power density  𝑝
𝑑
. This effect can be seen in Table 
4.3 across all the sites where Model A performs better in terms of the predicted 
wind speed using the MERRA data as input into the model. However, the 
errors in the predicted mean wind speed can result in the error in the predicted 
power density 𝑝
𝑑
 as shown in Figure 4.9. This highlights the need for caution 
when using such a model to assess the potential of a site for wind turbine 
installation. However, in spite of this, the overall predictions as compared to 
the actual data demonstrates that with even relatively simple changes, a 
consistent improvement can be achieved in the predicted wind resource. 
4.4 Boundary layer prediction methodology as a site screening 
tool 
 
One approach to maximise the implementation of the prediction methodology 
at multiple sites is to apply the tool to screen for viable sites for potential wind 
turbine installation using a pre-defined viability criterion. The sites that exceed 
this set criterion would be judged worthy of further investigation using either 
direct onsite measurements or an advanced computational approach. 
To define a viability criterion, two main factors must be considered, namely 
environmental viability (ability of the turbine to produce sufficient energy and 
repay its embedded carbon) and financial viability (ability of the turbine to 
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produce energy economically and repay the investment cost). These two 
factors will greatly depend on the cost and type of the turbine as well as the 
availability of government support incentives (Feed-in Tariffs).  In the case of 
small-scale wind turbine installations, different studies (see for example, 
Millward-Hokpins et al., 2013; Sobol 1967) have used a mean wind speed 
viability criterion of 4-5 m/s to screen for viable wind turbine sites.  
Furthermore, while the minimum wind speed criterion is a useful starting point 
to screen for potential sites, the available wind power will depend on the 
distribution of wind speed and the mean wind speed at a proposed site. Thus, 
it will make sense to express the viability criterion in terms of the minimum 
wind power density. Now, assuming a site has been modelled using a Weibull 
distribution, which is the case in the present study, the mean Betz power in 
the wind can be computed using Equation (4.13). If a 4 m/s minimum wind 
speed criterion and a Weibull shape parameter 𝑘 representative of typical UK 
site (𝑘 = 1.9) are substituted in Eqn. (4.13), this will result to a viability criterion 
of  power density 𝑝
𝑑
≥ 47 𝑊/𝑚2. 
The meaning of this number ( 𝑝
𝑑
≥ 47 𝑊/𝑚2) can be demonstrated by doing 
a simple power calculation. Assuming 60% of the available Betz wind power 
can be converted to electrical power (this may not be practicable in real life 
due to friction and blade tip losses and efficiency will depend on the wind 
speed and turbine design), for a small-scale wind turbine with a blade 
diameter of 1.5 m, the average power production by the turbine 𝑃 = 0.5𝜌𝑣3𝐶𝑝 
equates to 40 W and an annual energy production 𝐴𝐸𝑃 = 0.5𝜌𝑣3𝜂  equates to 
179 kWh. For the case of a large wind turbine with a diameter of 10 m, the 
power produced equates to 1822 W and an annual energy production of 7984 
kWh. In the preceding analysis, this minimum power density criterion is 
applied to screen for viable wind turbine sites. 
To investigate the site screening process, we aim to identify sites which may 
be potentially unsuitable based on the defined viability criterion of power 
density   𝑝
𝑑
≥ 47 𝑊/𝑚2. 
Figure 4.13 depicts the observed wind power density at all 10 sites along with 
the error bars which represent the uncertainties in the prediction.  
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Figure 4.13: Mean annual wind power density predicted at 10 sites with the 
 uncertainties  associated with each site prediction (bars). The dotted 
 red line represents a viability criterion in which the sites are judged 
 viable or not. 
 
The sites were specifically selected to reflect three general terrain categories, 
namely urban (3 sites), sub-urban (3 sites) and rural site (4).  
Table 4.5: Summary of the sites used to compare predicted and measured 
 wind power  density. The sites are defined by the letter in the 
 parenthesis as Rural, Urban and Sub-Urban.  
Site name/location Long 
(deg) 
Latitude 
(deg) 
Height 
(m) 
Wind 
speed 
(m/s) 
Data 
(yrs) 
Beighton (R1) 52.60 1.48 10 5.8 5 
Ilkeston (R2) 53.00 1.33 10 5.4 5 
Bilsthorpe (R3) 53.00 0.67 10 5.6 5 
Corby (R4) 52.5 0.67 10 5.5 5 
Manchester (U1) 53.47 -2.25 10 3.2 5 
London (U2) 51.46 0.10 10 2.5 5 
Leeds (U3) 53.78 -1.54 10 2.9 5 
West Susssex (SU1) 50.83 -0.59 10 2.2 5 
Rochdale (SU2 53.60 -2.18 10 2.2 5 
Oxford (SU3) 51.96 -1.55 10 3.2 5 
 
 
These sites were categorised based on the analysis of satellite images of an 
area covering several kilometres centred at the test site and the terrain 
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classification falls under the local site condition defined in Table 4.1. The full 
details of these sites are given in Table 4.5. 
The results show that the power density at all sites exceeded the viability 
criterion of  𝑝
𝑑
≥ 47 𝑊/𝑚2 and are thus judged viable for small scale wind 
turbine installation. Furthermore, the result indicate that for the hub heights 
considered in this study, the highest wind resource tend to be in the rural site 
(R2) as compared to the urban and sub-urban sites. The uncertainties 
associated with the prediction represent approximately +/- 12 W/m2. These 
uncertainties tend to be higher in the urban sites than the rural sites in line 
with the error metrics (𝑅2)  in Table 4.6.  
Furthermore as a benchmark, the wind power density predicted using the 
NOABL methodology are compared with the observed and predicted wind 
power density in Table 4.5.  
Table 4.6: Comparison of observed and predicted viability for the 10 sites 
 based on a criterion of  𝑝
𝑑
≥ 47 𝑊/𝑚2. Tick depict viable sites, and 
 crosses depict non- viable sites. Correct prediction are highlighted in 
 green, and incorrect predictions are in red.  
Site  Coefficient of  
correlation 
(R2) 
Observed 
value 
Predicted 
value (present 
model)   
NOABL-
MCS 
method 
Beighton (R1) 0.96   
 
    
Ilkeston (R2) 0.96       
Bilsthorpe 
(R3) 
0.95       
Corby (R4) 0.94       
Manchester 
(U1) 
0.85       
London (U2) 0.85           x 
Leeds (U3) 0.87       
West Susssex 
(SU1) 
0.85          x 
Rochdale 
(SU2) 
0.84          x 
Oxford (SU3) 0.84          x 
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The tick indicate that a site passes the viability criterion while crosses indicate 
it fails. Correct predictions are highlighted in green, while incorrect predictions 
are highlighted are in red. 
These results (Table 4.6) show that the boundary layer scaling model 
predicted the variability correctly in all 10 sites as compared to the observed 
values. In screening for potential viable sites, it is important that promising 
sites are not excluded from further investigation based on an incorrect viability 
prediction, shown by the red crosses in Table 4.6.  
This is a promising result given that the boundary layer methodology does not 
require onsite wind measurements. 
On the other hand, the NOABL method makes accurate viability predictions in 
8 out of the 10 cases investigated and incorrectly excludes 2 viable sites.  
These results demonstrate that the boundary layer model can be a very useful 
tool when used in a site screening process to select potential small-scale wind 
turbine sites and can add significant value to site screening compared to the 
NOABL-MCS approach. 
4.5 Conclusions 
This chapter investigated the ability of a modified boundary layer scaling 
model to estimate the wind energy resource potentials at an unobserved 
location. The choice of this model is driven by cost and its wide applicability 
to a wide range of atmospheric conditions, and the successful use for resource 
analysis at other locations.  
 The model results were compared to wind speed measurements obtained 
from MERRA at four locations. The results were validated against 
observations using reliable and traditional error metrics, namely RMSE, MAE, 
% error and bias and the distribution of the residuals. Annual and monthly 
variations of wind speed, wind speed frequency histograms, and wind roses 
have shed further light onto the validity of the model. Averaged across all sites, 
the mean absolute error and % error in the predicted wind speed were found 
to be 0.18 m/s and 10.57%, respectively. These results are very encouraging 
and give us the confidence in being able to produce an accurate wind resource 
assessment.  
Based on the success achieved in predicting the wind speed, the methodology 
was extended to predict the wind power density  𝑝
𝑑
 at each of the investigated 
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sites using the Weibull distribution along with the observed Weibull shape 
parameters 𝑘𝑜𝑏𝑠. An expression was derived to describe the fractional error in 
the power density resulting from the use of an assumed shape parameter 𝑘𝑎𝑠𝑠 
to predict the wind power density and the impact of this error in relation to the 
errors in the predicted wind speed 𝑉𝑝𝑟𝑒𝑑 was evaluated. Using the values of 
the observed Weibull shape parameter 𝑘𝑜𝑏𝑠 obtained from the investigated 
sites, this expression was evaluated in order to obtain an optimum value of an 
assumed shape parameter 𝑘𝑎𝑠𝑠 = 2.6 which maximises the wind power 
density 𝑝
𝑑
. 
Furthermore, the overall performance of the prediction methodology in 
predicting the wind resource was investigated by predicting the wind power 
density at each site and the results were further compared to the values 
obtained from MERRA. The coefficient of determination 𝑅2, mean absolute 
error (MAE), mean biased error (MBE) and the % error were found to be 0.95, 
1.37,-1.2, and 0.25%, respectively. These errors clearly demonstrate that 
while the methodology has limitations, improvements can be achieved with 
relatively simple modifications to the original methodology. 
In addition, the methodology was extended to screen for viable wind turbine 
sites using a predefined viability power density criterion. Ten sites were used 
as case studies and the predictions obtained at these sites were compared to 
the measured values. As a benchmark, these predictions were also compared 
with those obtained using the NOABL-MCS method. The results show that the 
present model predicted variability is correct at ten sites which also agrees 
with the observed values. However, two of the sites were excluded as non-
viable sites using the NOABL-MCS method. These predictions demonstrate 
that the present model can be a useful tool when used as a site screening tool 
to identify viable sites. 
Due to the huge cost and timescales associated with the onsite measurement 
approach of wind resource assessment, semi-empirical and low cost models 
such as the model presented in this chapter can be a useful tool to quickly 
assess the wind resource potential of any location in the World at no cost 
before analysing the site’s wind energy potential in greater detail by means of 
site specific onsite measurements. However, it is important to be aware of the 
potential limitations inherent in such a model. Given the uncertainties 
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associated with the methodology as demonstrated in the magnitude of the 
average errors in the predicted wind speed and wind power density, such 
models are better applied to identify potential viable sites against a defined 
viability criterion. Using this approach, potential viable sites can then be 
identified and supplemented with onsite measurements in order to reduce 
huge investment risks. However, since long-term wind measurement 
approaches are unlikely to be adopted in small-scale wind resource 
assessments due to the timescales and costs, there is need for the 
development of methods that can relate short-term measurement periods to 
yield a long-term resource characterisation of approximately 20 years. These 
methods, such as those based on hindcasting or measure-correlate-predict 
(MCP), are explored in the following Chapter. 
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Chapter 5 Data Driven Measure-Correlate-Predict 
Approaches to Wind Resource Assessment 
 
5.1 Overview 
In Chapter 4, an estimate of the temporary variability of the wind conditions at 
four locations were determined using a physical modelling approach based on 
the boundary layer scaling model.  These estimates were made from an input 
reference wind speed recording typically made during a relatively short period 
(1 year) that is not representative of the long-term wind conditions at the sites. 
Long-term correction of the wind conditions is therefore needed in order to 
estimate the expected long-term wind climate at the measurement site. 
An illustration of the approach adopted in the long-term correction of the onsite 
wind measurements is given in Figure 5.1. The bullet points represent 
important factors that requires special caution in evaluating the uncertainty in 
the estimated long-term wind resources.  
The two main input parameters necessary for the long-term correction process 
are the short-term onsite measurement taken from a target site and a historical 
long-term data from a representative location. How well the short-term onsite 
measurement represent the site’s long-term wind climate is largely dependent 
on the accuracy and timescale of the measurements (box 1 in Figure 5.1). In 
the context of small-scale wind turbines, the onsite measurement period is 
often taken for a period of one year in order to capture the seasonal variability 
of the site wind conditions (Jain, 2011). However, the longer-term variability is 
not captured. Hence, it is essential to evaluate the long-term time series that 
is believed to be representative of the long-term wind conditions at the 
measurement site. 
It should be noted that the long-term data representativeness, along with its 
characteristics, is an important factor that should be calculated (box 2 in 
Figure 5.1). The term representativeness indicate how well the long-term data 
represents the long-term wind conditions at the measurement site.  In addition, 
this dataset describe the variations in the local climatic conditions, and will not 
be affected by changes due to the modification in the methodology or the 
measurement system used in the data collection process.  
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Figure 5.1: A workflow diagram illustrating the process involved in the long-
 term correction of onsite wind measurements. The bullet points 
 represent parameters of high relevance for the evaluation of the 
 uncertainty in the overall long-term corrected wind resource. 
 
Based on the above reasons, the evaluation of the spatial and temporary 
characteristics of the long-term wind conditions cannot be overemphasised. 
Once these data series have been established, a long-term correction 
methodology is applied in order to obtain an appropriate description of the 
long-term wind conditions at the measurement site. However, the accuracy of 
a chosen methodology is dictated by its self-prediction ability. That is, its ability 
to accurately predict the long term wind conditions (box 3). 
The long-term or future wind climate at the measurement site is unknown. 
Therefore, an assumption is made that the past is a predicator of the future 
wind climate, i.e. the statistical properties of the future and past wind condition 
1. Onsite wind measurement 
covering a short period 
 Accuracy of onsite 
measurements 
 Measurements 
representativeness   of the long-
term wind climatology 
 
2.Database(Long-term 
reference  
    data) 
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the long term wind climatology 
 
 
 
3. Long-term correction methodology 
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5. Prediction of the long- term wind potential at the 
measurement site 
and the associated uncertainty. 
      
              
 
4. Past wind climate as a 
predictor 
     of the future wind climate  
 Assumption of the accuracy 
 Timescale of the past period 
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are assumed to be the same. However, the accuracy of this assumption is 
very crucial since it will be used to determine the long-term wind condition and 
shall therefore be evaluated. Furthermore, the timescale of the future wind 
condition in which the energy production estimate will be made should be 
calculated (box 4 in Figure 5.1). Typically, the timescale is usually the lifetime 
of the wind turbine, i.e., when the investment costs will be recouped. This is 
usually 15-20 years for most wind turbines (Lileo et al., 2013, Nadaei, 2014). 
The long-term correction methodology used here is the measure-correlate-
predict (MCP) approaches discussed in Section 3.2. However, the MCP 
approaches have received little attention in small-scale wind resource 
assessment where short-term measurements may be used to provide 
corrections to seasonal variability of wind conditions. While conducting a long-
term wind measurement is clearly needed in order to reduce prediction 
uncertainty, the focus of the present work is to establish the possibility of 
applying the MCP technique to a short-term training data between 3-12 
months. The aim is to determine whether wind resource assessment driven 
by short-term measurements can be useful for the small-scale wind industry. 
However, using this approach should not be seen as a substitute for long-term 
wind measurements, which has a higher prediction accuracy but rather as a 
measure to increase the value of short-term measurements in locations where 
long-term onsite measurements are not available. 
As discussed in Section 3.4, although a limited amount of research has been 
undertaken that investigated the effect of small measurement periods on MCP 
performance, there is need for a more detailed study in this regard, particularly 
using a single measurement point along with reference data from multiple 
years to predict the wind resource potentials. Many studies were evaluated 
based on a relatively short data record (between 1-3 months) and the MCP 
performances were judged using just the mean wind speed rather than the 
parameters related to the full wind speed distribution. 
The contribution of the work presented in this chapter is an evaluation of 
measure-correlate-predict performance using a short-term training period at a 
site specific location. Two MCP approaches were investigated using different 
measurement lengths and the error metrics were used to quantify the average 
errors in the predicted wind resource. 
139 
 
The main objectives of this study are as follows: 
(i) Development of a technique to account for the uncertainty associated 
with different MCP approaches using onsite measurement. 
(ii) To examine the performance of two linear MCP techniques using 
short-term measurement. It should be noted that the scope of the 
present work is limited to linear MCP models. Non-linear models were 
not examined in the present work. 
(iii) To access the uncertainty in the estimated wind resource and 
highlight relevant issues of using short-term onsite measurement for 
wind resource prediction. 
(iv) An assessment of the expected energy production and economic 
evaluation at the target site for potential wind energy development. 
This chapter is structured as follows: Firstly, a brief description of the core 
methodology used to predict the long-term wind resource is given. Next, the 
evaluation set up, data quality control measures, choice of long-term data set, 
correlation relationship between the target and reference sites and the 
uncertainties associated with measure-correlate-predict (MCP) approaches 
are described. Further, an evaluation of the performance of the MCP 
approaches is presented, including the effects of seasonal changes on the 
predicted wind resource. This is followed by a comparison of the error metrics 
between the MCP approaches and the boundary layer model described in 
Chapter 4. Finally, an energy production estimate as well as economic 
feasibility of installing a small-scale wind turbine is given and overall 
conclusions are drawn. 
5.2 Methodology 
The methodology implemented in this chapter has four main steps. 
 
Step 1: To begin with, a data collection window is built spanning a period of 
12 months which is shifted in steps of one month throughout the 12 month 
period. The dataset covered by this collection window is referred to as the 
training period. The remaining data not covered by this window is designated 
as the long-term reference data which cover a  period of 15 years. The 
dataset was expressed as a function 𝑓×,𝑦 (×, 𝑦), where ×=
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 {𝑥1 … … … … … 𝑥𝑛} the wind speeds at the reference site and 𝑦 is the wind 
speed at the target site. 
Step 2: The training data are decomposed into D1, D2, D3, and D4 with each 
containing 3, 6, 9 and 12 months of data, respectively. These datasets 
represents the short-term data and are used to obtain the regression 
parameters for the MCP approaches. The experimental set up of the data 
collection process is presented in Appendix II. 
Step 3: The MCP approaches are then applied to the long-term reference data 
spanning a period of 15 years in order to predict a concurrent time series of 
wind resource at the target site. This is referred to as the long-term wind 
resource extrapolated from the short-term onsite measurement. 
Step 4: The uncertainties (see Section 5.2.4) at each stage of the data 
collection are calculated by comparing the predicted values with the observed 
values over the entire data collection window. 
The methodology implies choosing an appropriate MCP model. After some 
preliminary iterations, a simple and straight forward choice is the linear 
regression (LR) and variance ratio approaches.    
5.2.1 Evaluation of the MCP techniques 
The MCP techniques highlighted above are described in Section 3.3.2 (linear 
regression), and Section 3.3.3 (variance ratio method). The approaches were 
applied sector wise to the dataset which was binned according to the wind 
direction at the reference sites. This approach was employed in the present 
work because it accounts for the directional dependence of the upwind 
roughness which was also reported by the work of Weekes and Tomlin (2013) 
to have a significant effect on the scaling between the reference and target 
wind speeds. With regards to recommendations from previous studies (see 
for example Derrick, 1992; Woods and Watson, 1997), the angular bins were 
divided into 30° resulting in a 12 directional regression sectors for each 
target/reference site pair. 
 
5.2.2 Choice of long-term data sites  
 
Locating high quality, nearby reference wind datasets of sufficient length, 
appropriate height and resolution is often a challenging endeavour. The UK 
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Met office owns and operate a Met Office Data Archive System (MIDAS) for 
the purpose of aviation and weather observation systems. However, these 
datasets are not publicly available and require further processing and quality 
control before they can be extracted for wind power predictions. It should be 
noted that the choice of reference long-term datasets is driven by the 
availability of concurrent, long-term dataset as well as the proximity to the 
target site. For this reasons, MERRA datasets described in Section 4.2.4 were 
examined to determine their suitability as a reference site.  
Table 5.1 provides a summary of each location. Ultimately the MERRA 
reference dataset (RF4) was determined to provide the best correlation with 
the monitoring site and was subsequently used to make the long-term 
prediction.  
 
Table 5.1: Summary of the target and reference sites: the PACT site, Beighton 
 is at position (N53.60°, W2.18°). Column 3-6 show the locations of the 
 reference sites in which long-term data are available. 
Variables Target site Reference sites 
 
RF1 RF2 RF3 RF4 
 
Latitude N53.60° N54.00°  N54.00° N53.50° N53.50° 
Longitude W2.18° W2.67° W2.00° W2.67° W2.00° 
Distance from  
Target site 
(miles) 
0 81.10  70.10 91.30 47.70 
Begin data 1/1/2015 1/1/2000 1/1/2000 1/1/2000 1/1/2000 
End data 31/12/2015 31/12/2015 31/12015 31/12/2015 31/12/2015 
Height (m) 10 10 10 10 10 
Avg wind speed 
(m/s)  
N/A 5.74 5.87 5.75 5.74 
Avg wind speed  
(monitor period) 
(m/s) 
6.036 5.75 5.06 5.41 5.90 
 
Furthermore, Table 5.1 indicates that the average wind speed at the target 
site is slightly higher than three of the reference sites (RF1, RF2 and RF3). 
Only at the fourth reference site (RF4), which also doubles as the closest to 
the target site is the average wind speed almost the same as those at the 
target site. The reference dataset extends from 2000-2015. 
Table 5.2 provides a summary of the wind dataset for this reference site (RF4) 
for the period January 1, 2000-December 31, 2015. As shown, the mean wind 
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speed over the 16-years reference period is 5.64 m/s. The mean at 10 m 
height is 5.9 m/s for the period of interest, January 1, 2015- December 31, 
2015, concurrent with the data at the PACT Beighton site (target site). 
Therefore, the target site data should be correspondingly adjusted to reflect 
the expected annual wind speeds on a long term basis. 
The long term mean wind speed data for the MERRA reference dataset (RF4) 
is shown graphically in Figure 5.2 by the horizontal blue line. The annual mean 
wind speeds at the reference site (RF4) can be seen graphically in the black 
curved line. The mean wind speed of the monitoring period of interest, January 
1, 2015-December 31, 2015 is shown in the green line. Overall, the results 
represents a wind year slightly above the average wind year. 
 
Table 5.2: MERRA reference (RF4) long-term wind data at 10 m (Jan 1, 2015-
 Dec 31, 2015). 
Year Possible 
records 
Valid 
records 
Recove
ry rate 
Mean Min Max Weibull 
k 
Weibull 
c 
2000 8,784 8,784 100% 5.82 0.15 15.80 2.36 6.38 
2001 8,760 8,760 100% 5.44 0.01 17.40 2.45 6.14 
2002 8,760 8,760 100% 5.66 0.04 18.50 2.43 6.13 
2003 8,760 8,760 100% 5.41 0.05 15.90 2.44 6.10 
2004 8,784 8,784 100% 5.61 0.04 15.10 2.32 6.33 
2005 8,760 8,760 100% 5.65 0.01 14.94 2.44 6.39 
2006 8,760 8,760 100% 5.64 0.13 13.00 2.30 6.36 
2007 8,760 8,760 100% 5.71 0.07 15.00 2.36 6.44 
2008 8,784 8,784 100% 6.00 0.04 15.70 2.46 6.76 
2009 8,760 8,760 100% 5.68 0.02 15.50 2.46 6.40 
2010 8,760 8,760 100% 5.07 0.12 14.30 2.47 5.71 
2011 8,760 8,760 100% 5.81 0.18 15.00 2.45 6.55 
2012 8,784 8,784 100% 5.51 0.07 14.80 2.39 6.22 
2013 8,760 8,760 100% 5.72 0.08 15.00 2.44 6.45 
2014 8,760 8,760 100% 5.64 0.09 15.80 2.29 6.37 
2015 8,760 8,760 100% 5.94 0.04 14.00 2.30 6.70 
All data 219,256 219,25
6 
100% 5.64 0.08 14.30 2.35 6.35 
MoMM9    
 
5.64     
                                                 
9 MoMM indicate Mean of monthly mean 
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Figure 5.2: Long-term and short-term mean wind speeds for the MERRA reference 
 (RF4) dataset. 
 
5.2.3 Correlation of the target site (PACT, Beighton) wind speed to 
the MERRA reference (RF4) wind speed 
 
The wind speed data collected from the target site (PACT Beighton) in the 
period between January 1, 2015 to December 31, 2015 was compared to the 
reference sites wind speed during the same period in order to determine the 
degree of correlation between the target site and each of the four reference 
sites. To reduce uncertainties due to shear, the MERRA reference dataset 
was correlated to 50 m wind speed at the PACT target site using the 
commercial software Windographer. Using a time step of 60 mins, the 
coefficient of determination R2 (i.e. correlation factor) was calculated between 
the PACT site and each of the four reference sites. The results are presented 
in Table 5.3. 
From these results, it can be seen that the correlation is highest with RF4 
which is a suitable candidate for a reference site. Consequently, the RF4 
dataset (Table 5.1) was used to create the synthetic long-term data using the 
MCP approaches outlined in Section 5.2.1. 
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Table 5.3: Coefficient of correlations for the PACT (target) and Reference 
 sites.  
Site pair Coefficient of correlation (R2) 
PACT site (50 m) to MERRA RF1 (50 
m) 
0.83 
PACT site (50 m) to MERRA RF2 (50 
m) 
0.86 
PACT site (50 m) to MERRA RF3 (50 
m) 
0.88 
PACT site (50 m) to MERRA RF4 (50 
m) 
0.94 
 
5.2.4 Uncertainties associated with the different MCP methods 
The MCP approaches outlined in Section 5.2 were used to make predictions 
of the future wind resource at the target site over a period of 15 years. From 
this time series result, a number of parameters related to the wind resource 
were extracted. The most important of these parameters includes the 
predicted mean wind speed ?̅?𝑝𝑟𝑒𝑑 and the mean wind power density ?̅?𝑑  
described in Section 2.4.1, Eqn.  (2.6). Furthermore, the Weibull parameters 
(predicted using the method of maximum likelihood) are of special interest in 
wind resource analysis because they provide valuable information regarding 
the form of the predicted wind speed distribution and the standard deviation 
of the predicted wind speed 𝜎 defined as follows: 
 
𝜎 = √
1
𝑁−1
∑ (𝑢𝑖,𝑝𝑟𝑒𝑑 − ?̅?𝑝𝑟𝑒𝑑)
2𝑁
𝑖=1                                                                              (5.1) 
in which 𝑢𝑖,𝑝𝑟𝑒𝑑 is the 𝑖
𝑡ℎ wind speed prediction, ?̅?𝑝𝑟𝑒𝑑 is the long-term mean 
wind speed prediction and 𝑁 is the total number of instantaneous wind speed 
predictions. The standard deviation 𝜎 is an important wind recourse parameter 
because, unlike the Weibull parameters which are estimated by fitting a 
Weibull distribution to the wind data series, 𝜎 is a measure of the spread of 
the wind speed about the mean without the knowledge of any wind speed 
distribution. The uncertainties associated with the predictions were assessed 
quantitatively using the mean absolute percentage error (% error). The 
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performance analysis was based on the fact that the reference datasets fulfil 
the following criteria: 
(i) More than 2 years of data. 
(ii) Good data coverage exceeding 85% 
(iii) Hourly correlation coefficient between the target and reference site 
larger than 80%. 
The technique used is illustrated in Figure 5.3 and is described as follows: 
 
 
 
 
 
 
 
Figure 5.3: Illustration of the method used to test the prediction capacity of the 
 different MCP approaches.  
 
(i) The first year of the measurement period indicates the short-term 
 period. 
(ii) The long-term period is defined as the maximum number (N) of the 
 complete years in which data is available.  
(iii) The data measured during the short-term and long-term periods are 
 known as the site short-term and long-term data, respectively. 
(iv) The reference dataset was chosen from the MERRA database whose 
 relationship to the  site long-term data shows the highest correlation 
 coefficient (calculated hourly). 
(v) The reference data corresponding to the long-term period designated 
 as the reference long-term data. 
(vi) The site short-term and the reference long-term data are given as 
 input into the MCP models described in Section 5.2.1., in order  to 
estimate the mean wind speed at the site during the long-term period, i.e. 
estimated ?̅?𝑝𝑟𝑒𝑑. 
(vii) The error in the estimate of the long-term corrected mean wind speed 
 (prediction error) is evaluated using the following error metrics: 
1st year 2nd year …… Nth year 
Reference site: Long-term period 
Year (2000-2015) 
Candidate site: Short-term (Year: 
2015) period 
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Prediction error = ∑ (
|𝑢𝑜𝑏𝑠,𝑗− ?̅?𝑝𝑟𝑒𝑑,𝑗|
𝑢𝑜𝑏𝑠,𝑗
× 100) /𝑛𝑗                                         (5.2)                                                     
 
MAE =∑ ?̅?𝑜𝑏𝑠,𝑗− ?̅?𝑝𝑟𝑒𝑑,𝑗/𝑛𝑗                                                                                         (5.3) 
 
MBE =   ∑ ?̅?𝑝𝑟𝑒𝑑,𝑗− ?̅?𝑜𝑏𝑠,𝑗/𝑛𝑗                                                                      (5.4)                                                     
 
where 𝑗 denotes the  𝑗 𝑡ℎ site, ?̅?𝑜𝑏𝑠,𝑗 and  ?̅?𝑝𝑟𝑒𝑑,𝑗  are the long-term observed 
and predicted mean wind speeds, respectively and 𝑛 is the total number of 
target sites. Using the approach described above, the uncertainty across the 
short-term (training period)/long-term periods were estimated. 
5.3 Results and discussion 
5.3.1 Comparison of linear MCP approaches with measured wind speed 
data 
 
Figure 5.4 shows the results of the correlation of the monitoring site to the 
reference site using the MCP methods described by Eqns. (3.8) and (3.9). To 
increase the correlation, the wind speeds were divided into 12 directional 
regression sectors, and a separate equation was created for each sector. The 
correlation was evaluated using a time step of 4 hours while a 1 hour average 
was used to create the synthetic data. 
The linear correlation equation, shown by the trend line (line of best fit), for 
long-term to short-term data for the year of collected data at PACT site and 
for the direction sector 135°-165° is evaluated according to Eqn. (3.8) and 
restated here for ease of reference as follows: 
𝑣𝑡𝑎𝑟 = 𝛼 + 𝛽𝑣𝑟𝑒𝑓                                                                                                                  (5.5)                                                                               
where 𝑣𝑡𝑎𝑟  is the expected wind speed at 10 m is, 𝛼 is the intercept, 𝛽 is the 
slope of the correlation trend line, 𝑣𝑟𝑒𝑓 is the reference wind speed (RF4)  
downscaled to 10 m. 
It should be noted that the direction sector 135°-165° was chosen for 
illustration purpose only.  The correlation for all the other sectors is given in 
Table 5.5. 
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The best fit slope and intercepts and their corresponding correlation 
coefficients for each of the 12 directional sectors are given in Table 5.5. 
On inspecting Figure 5.5 and Table 5.5, it is clear that the accuracy in the wind 
speed prediction is similar in both methods since they only differ in the 
prediction phase. However, the overall correlation coefficient is slightly higher 
with the linear regression method (Table 5.3). 
Each set of correlation equations relate the wind speeds dataset obtained at 
50 m and downscale to 10 m from MERRA (RF4) to the target site wind speed 
at 10 m during the concurrent period. It should be noted that since the resultant 
annual energy of a wind turbine varies considerably with real time wind 
condition, the hourly correlation was chosen in this analysis in order to 
improve the overall accuracy of the prediction. 
 
Furthermore, Figure 5.5 shows a comparison between the measured wind 
speed and the predicted wind speed. The results show a strong agreement 
Figure 5.4: Target and reference site wind speeds for a single directional 
 sector  (135°- 165°) from the reference/target site pair. Prediction was 
 made  using  wind observation over 12 months training data along 
 with 16 years  wind observation using (a) the linear regression, and (b) 
 variance ratio MCP approaches. The solid line represents the 
 correlation trend line (line of  best fit). The dots show the observed or 
 predicted scatter. 
(a) (b) 
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between the measured data and the predictions made using the MCP 
approaches. 
 Table 5.4 presents the overall statistical result for the ‘‘raw’’ 10-minute 
measured data at the target site, the processed 1 hour site data and 1 hour 
synthesised data spanning a period of 16 years using linear regression and 
variance ratio MCP methods, respectively. Clearly from these results, 
averaging the 10 minute data into 1-hour data did not present any variation to 
the mean wind speed and the Weibull parameters, 𝑘  and 𝑐 which remained 
at 6.03 m/s, 2.348 and 6.812 m/s, respectively.  On the other hand, the 
predicted mean wind speed using the same MCP methods are obtained as 
5.749 m/s and 5.739 m/s, respectively. This drop in the predicted wind speed 
is expected because it was shown in Table 5.2 that the monitoring period wind 
speeds is slightly higher than the long-term wind speeds. The predicted Weibull 𝑘  
and 𝑐 using linear regression are variance ratio methods are 2.506 and 2.415, and 
6.481 and 6.471 m/s, respectively. 
 
Table 5.5: Correlation between the target site (PACT, Beighton) and the MERRA 
 reference site (RF4). 
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Figure 5.6 shows a comparison of the wind rose for the measured and 
MCP predicted data. As can be seen from this result, both the measured 
and predicted wind direction show more of the wind coming from the south 
west direction and a smaller proportion from northeast. This is also 
consistent with the wind direction predicted using the MERRA data in 
Section 4.3.2. 
 
 
(a) (b) 
Figure 5.5: Comparison of the measured and the predicted wind speed using linear 
 regression (LR) and Variance ratio (VR) MCP approaches, (a) wind speed 
 frequency distribution (b) monthly mean wind speed profile at the target site. 
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Figure 5.6: Measured and predicted wind frequency roses at 10 m using the 
method of linear regression (LR). 
 
Table 5.5: Comparison of the values for measured and predicted wind resource 
 spanning 16 years at the PACT site, Beighton. 
 
5.3.2 Adjustment to the target site wind speed data 
The analysis described above resulted in a new long-term data set 
representing the expected wind speeds during a 16-year period, 2000-2015, 
at the target site. These datasets consist of wind speeds and directions at 10 
m height above the ground. 
Furthermore, it is necessary to estimate the wind resource at a typical turbine 
height representative of small-scale, i.e. 10-35 m. This can be achieved using 
either the power law or the log law extrapolation equation described in Eqn. 
(2.22). In the present case, however, the log law profile was used because it 
results in a slightly more conservative wind speed estimate when extrapolating 
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to higher heights. Since wind shear10 tends to decrease with height, 
extrapolating the wind speed and direction at 10 m will potentially result in an 
overestimate. Using the slightly more conservative log law profile somewhat 
compensates for this. Consequently, the surface roughness values by 
direction and time of the day from the period of interest at the target site, were 
applied to the 10 m predicted dataset with the end result being a 16- year data 
set at multiple heights between 10 m and 35 m that can be used for energy 
production estimates for a variety of wind turbines and hub heights. Table 5.6 
shows a comparison of the measured short-term data and the projected long-
term data at the target site. In addition, Table 5.6 shows the variance in the 
long-term data. 
 
Table 5.6: Comparison of short-term to long-term predicted wind speed at the 
 target site at six heights commonly used for small-scale wind energy 
 installation. LR and VR represents linear regression and variance ratio, 
 respectively. 
Data source Height 
(m) 
Short-
term 
PACT site 
mean 
wind 
speed 
Long-term PACT 
site  MCP 
algorithm 
Adjustment to long 
term mean wind 
speed 
 (%) 
LR VR LR VR 
Measured 10 6.03 5.74 5.73 -4.75 -5.23 
extrapolated 15 6.39 6.08 6.06 -5.06 -5.44 
extrapolated 20 6.64 6.32 6.30 -5.06 -5.39 
extrapolated 25 6.83 6.50 6.48 -5.13 -5.40 
Extrapolated  30 6.99 6.65 6.64 -5.11 -5.27 
Extrapolated  35 7.13 6.78 6.76 -5.16 -5.47 
 
 
                                                 
10 Wind shear refers to the difference in wind speed or direction over a relatively short 
distance in the atmosphere.  
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Overall, the long-term mean wind speed of 5.74 m/s at 10 m shows that this 
site has a good wind resource for small-scale wind energy utilisation. 
However, the wind resource at 15 m to 35 m appears to be somewhat better. 
5.3.3 The added value of the Measure-Correlate-Predict (MCP) 
method 
 
As noted above, the main purpose of using the MCP technique in wind 
resource assessment is to provide a correction to the long-term wind resource. 
Thus, it is necessary to estimate the added value of correlating to a long-term 
reference site. In the absence of an MCP, onsite wind measurement could be 
used to predict estimates of wind speed ?̅? and power density ?̅?𝑑. However, 
due to seasonal variability, making such a prediction with onsite 
measurements of less than 12 months would be subject to considerable error. 
Figure 5.7 shows the mean absolute errors in the predicted wind speed ?̅? calculated 
using Eqn. (5.3).  
 
Figure 5.7: Mean absolute prediction error as a function of the measurement 
 period length based on the linear regression (LR) and variance ratio 
 (VR) MCP approaches. 
 
The mean absolute error is seen to strongly decrease with the increase in the 
measurement period (concurrent period) length from 1-12 months. For 
example, when the measurement period is increased from 2 months to 10 
months, the prediction error reduced from about 10% to 5.8% using the best 
performing MCP approach. While this study is concerned with a fixed 12 
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months of onsite measurement period, Figure 5.7 demonstrates that the error 
increases when using a training period of less than 12 months.   
The added value of an MCP approach is particularly evident for short training 
periods where direct onsite wind observations are subject to large seasonal 
variability. However, when the training period is increased to a minimum of 12 
months, direct onsite measurements become more representative of the long-
term wind resource. This result clearly demonstrates the likely uncertainties 
when the onsite measurement period is less than the minimum recommended 
12 months for small-scale wind energy. 
 
5.3.4 Overall error statistics 
 
The error metrics for the MCP approaches are summarised in Table 5.7. In 
addition, the error metrics obtained using the previously discussed boundary 
layer model are included and are discussed further in Section 5.3.9. 
 
Table 5.7: Direct comparison of the error metrics at the target predicted using 
 linear  regression (LR), variance ratio (VR) MCP approaches and the 
 boundary layer (BL) model discussed in Chapter 4. 
Error metrics Method Wind speed ?̅? Power density  ?̅?
𝑑
 
MAE (%) BL model 18.90 17.00 
 LR MCP model 7.20 12.90 
 VR MCP model 7.90 14.40 
MBE (%) BL model -18.9 -0.85 
 LR MCP model <0.01 -0.70 
 VR MCP model <-0.01 -0.80 
 
The results show that the absolute error obtained in the estimate of the long-
term mean wind speed and power density is, on average, 7.2% to 12.9%, 
respectively using the best performing MCP methods. It must be noted that 
the individual predictions can exhibit larger or lower errors depending on the 
length of the measurement period as demonstrated in Figure 5.7. 
Furthermore, the results indicates that no clear difference between the two 
MCP approaches in the predicted wind speed. However, in terms of the wind 
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power density, the linear regression approach produces the least error. 
Overall, the largest errors are observed for the variance ratio (VR) method.  
The mean bias error (MBE) indicate the degree to which the MCP approaches 
overestimate or underestimate the wind speed and power density. Table 5.7 
shows that both the linear regression (LP) and variance ratio (VR) approaches 
have a very low bias in the predicted wind speed ?̅?,  and power density  ?̅?𝑑  
which indicates the tendency to slightly underestimate these parameters.  
Further insight can be gained by considering the distribution of the residual 
errors at the site. The residual percentage errors 𝜀% in the predicted mean 
wind speed at any site can be evaluated as follows: 
𝜀%=  [
?̅?𝑜𝑏𝑠−?̅?𝑝𝑟𝑒𝑑
?̅?𝑜𝑏𝑠
] × 100                                                                                        (5.6)                                                                                             
 
where ?̅?𝑜𝑏𝑠  and ?̅?𝑝𝑟𝑒𝑑  are the observed and predicted mean wind speeds, 
respectively.  
 
 
(a) 
 
(b) 
Figure 5.8: Residual percentage error distribution at the target (measurement) 
 site: (a) predicted mean wind speed, and (b) predicted wind  power 
 density. 
 
Note that a positive residual error 𝜀% indicates the tendency to underestimate. 
Similar expressions may be obtained for the wind power density.  
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Figure 5.8 shows the error distribution at the target site for a 12 months 
training period.  
The pattern of the error distributions are both similar (positively skewed), thus 
exhibiting the tendency to underestimate. However, for the case of the power 
density, which is perhaps the most important parameter given that the aim is 
to predict the wind energy resource, the linear regression method exhibits a 
strong tendency to underestimate. It is likely that while the LR results in very 
low bias in the predicted wind speed, it tends to underestimate the standard 
deviation 𝜎 and Weibull shape factor 𝑘 (not shown here) resulting in a 
narrower wind speed distribution which ultimately leads to a large 
underestimate of the wind power density  ?̅?𝑑. 
5.3.5 Seasonal characteristics and variations in the percentage 
error of the predicted wind resource 
Because the MCP approaches described in this study were evaluated using a 
training data of 12 months, it is necessary to analyse the effects of seasonal 
variations with regards to the error estimates. Note that while the error metrics 
above provided robust statistics, they do not give any information as to how 
the magnitude and sign of the errors may differ with a particular measurement 
season. Obtaining such information is vitally important in making a more 
accurate estimate of the likely error given a specific measurement season. 
Furthermore, such information will help to determine if prediction error can be 
minimised by choosing an optimum season in which to conduct onsite 
measurement. 
To analyse these sensitivities, the average error statistics were decomposed 
into seasonal averages.  
Figure 5.9 depicts the percentage error of the wind speed and wind power 
density as a function of the seasons. The vertical lines represent the training 
periods corresponding to the seasons of autumn (Sept-Nov), winter (Dec-
Feb), spring (Mar-May) and summer (June-Aug). 
These results show a clear variation in the predicted errors using the linear 
regression (LR) and variance ratio (VR) MCP approaches. It can be seen that 
the largest errors for the predicted wind speed and wind power density occur 
in the summer and autumn seasons, respectively, while the smallest errors 
were observed in the winter season for both parameters. These results show 
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that on average, large reductions in the error of the predicted wind power 
density can be achieved through choosing optimum seasons in which to 
obtain onsite measurements. 
Using the method of linear regression (LR), the best season to conduct onsite 
measurement results in a %error in power density  ?̅?𝑑 of  ~ 5.4%, compared 
to ~ 30.3% for the worst season. Similarly, for the variance ratio (VR) method, 
the best season results in a %error in power density  ?̅?𝑑 of ~ 5.5%, compared 
to ~ 30.4% for the worst. 
These variations demonstrate that the regression parameters obtained from 
the training data varies seasonally according to the weather patterns. If a 
particular set of the training data is characterised by a high frequency in the 
typical weather patterns, the obtained values of the regression parameters will 
not be a representative of the long-term reference/target site pair and this will 
ultimately result in errors in the predicted long-term wind resource. For 
instance, since the MCP approach implemented in this study is based on a 
sector wise method, it is expected that the measurement periods that include 
wind directions that populate each of the 30° angular sectors will result in 
improved long-term predictions. 
Furthermore, the periods with low wind speed will be subject to variability due 
to local site conditions as described in Section 2.6, and this could lead to 
decoupling between reference and target sites, particularly when they are 
separated by a large distance. 
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5.3.6 Seasonal variations in the mean bias error 
As discussed in Section 5.3.2, the mean bias error indicates whether a 
particular wind resource parameter is over or underestimated. Thus, it is 
important to identify the seasons of the year that will result in over or 
underestimates of the wind resource in order to take appropriate 
measurement precautions that will maximise the available wind resource. 
Figure 5.10 shows the seasonal variation for the case of the predicted wind 
speed. It can be seen that, for both MCP approaches, measurements taken 
during the autumn period and the start of winter are more likely to result in 
overestimates of the long-term wind speed, particularly when using the 
variance ratio MCP approach. 
Figure 5.9: Variation of the %error in the predicted wind speed and power 
 density as a function of the seasons. The vertical lines represents 
 the seasons of autumn (Sept-Nov), winter (Dec-Feb), spring (Mar-
 May) and summer (June-Aug). 
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Figure 5.10: Seasonal variation of the mean bias error in the predicted wind speed 
 using two MCP approaches at the target site. The vertical lines 
 represent the seasons of  autumn (Sept-Nov), winter (Dec-Feb), 
 spring (Mar-May) and summer (June-Aug). 
 
5.3.7 Summary of seasonal effects 
 
The results presented above show that on average, significant improvements 
in the accuracy of the predicted long-term wind resource, based on short-term 
measurements can be achieved by choosing optimum seasons in which to 
conduct measurements. Furthermore, the results provide information 
regarding the sign of the bias error at any specific season and the MCP 
method used. While these results are potentially relevant in predicting the 
long-term wind resource from short-term measurements, it is important to note 
the following factors: 
(i) The results are the average statistics of a single site and year and 
thus individual predictions in any given year may differ from these 
trends. 
(ii) These results may vary significantly for urban and coastal sites that 
experience the same climatic conditions and in particular non-UK 
sites that experience different climatic conditions. 
(iii) Since the present study is based on a single measurement site, it 
may not be appropriate to generalise the results to all UK sites. 
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5.3.8  Comparison between boundary layer scaling model and 
data-driven MCP approach 
Since undertaking an onsite wind measurements, even for a very short period 
of time requires additional time and cost, but it is important to investigate the 
impact of a data-driven MCP approach, based on a short-term measurement 
on the prediction accuracy of a wind reource compared to a semi-empirical 
modelling approach described in Chapter 4. Note that the target site used in 
this chapter is a subset of the sites used in the evaluation of the boundary 
layer model in Chapter 4. Therefore, it is possible to compare the performance 
of the two approaches for the investigated site. Table 5.7 show a direct 
comparison of the error metrics for the boundary layer model and two MCP 
approaches, namely linear regression and variance ratio. As decribed in 
Chapter 4, the predicted wind resource using the boundary layer model is 
based on the modifications suggested in Section 4.2.1. It should be noted that 
the error statistics presented in this chapter for the boundary layer model is 
based on a single site which is smaller than the 4 sites in Chapter 4. This is 
because the site used in the current chapter boost of modern measurement 
equipment and is currently one of Europe’s leading centres into low carbon 
technology unlike the other three sites in Chapter 4 where there is no 
measurement equipment. 
The results presented in Table 5.8 indicates that the predictions made using 
the MCP approaches results in a clear improvement in all the error metrics. 
For example, using the linear regression (LR) and variance ratio (VR) 
compared to the boundary layer (BL) model reduces the average mean 
absolute error (MAE) in the predicted wind power density  ?̅?𝑑 from 17.0 % to 
12.9% and 14.4%, respectively and the MBE from -0.85% to -0.70% to -
0.80%, respectively. 
Despite the uncertainties associated with the boundary layer approach, it is 
still of significant value since it can easily be implemented without any huge 
financial investment. However, the results based on the data-driven approach 
show that the additional time and investment required for the onsite 
measurement campaign, along with MCP analysis, is well justified in cases 
where developers and investors require more confidence in the predicted wind 
resource, even when the measurements are taken for only a few months. 
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5.4 Energy production estimates 
Annual energy production estimates of five different wind turbines were made 
using the long-term dataset created for the target site. An overall energy 
production loss factor of 15% was assumed in the calculations in line with 
previous studies, see for example Jimenez (2013). The wind turbines belong 
to different manufacturers and the rated power varies between 1 kW to 55 kW, 
which are considered as small scale-wind turbines. The 1 kW, 1.3 kW, 2.50 
kW, 15 kW and 55 kW wind turbines cut in wind speeds are 3.5, 4.0, 2.5, 2.5 
and 2.0 m/s, respectively, and the cut out wind speed are 25,18,20,20 and 20 
m/s, respectively.  
Table 5.8: Specifications of the analysed wind turbines, including the output 
 mean  hub height wind speed (AWE, 2013; ECI, 2013; BWPC, 2013; 
 EWPC, 2013). 
 
The average power output from a wind turbine may be calculated as follows 
(Ahmed and Sharma, 2015): 
?̅?𝑤 𝑎𝑣𝑒 =
1
𝑁
∑ 𝑃𝑤 (𝑉𝑖)
𝑁
𝑖=1                                                                                                        (5.7) 
 in which 𝑃𝑤 (𝑉𝑖) is the gross power output (without losses) defined by the 
turbine power curve and 𝑁 is the number of recorded observations.  
Hence, the mean annual net energy output in kWh/yr. can be expressed as 
follows (Ahmed and Sharma, 2015): 
𝐸𝑛𝑒𝑡,   𝑎𝑛𝑛𝑢𝑎𝑙 = ?̅?𝑤 𝑛𝑒𝑡 (∆𝑡)                                                                                                 (5.8) 
The specifications of the wind turbines are presented in Table 5.8. 
Turbine model Rated 
Power 
(kW) 
Hub 
height  
(m) 
Rotor 
diameter 
(m) 
Mean hub 
height 
wind 
speed 
(m/s) 
Turbine 
cost 
($) 
Raum 1.30 10 2.90 5.17 4,500 
Proven  2.50 10 3.50 5.17 6,500 
Proven 15.0 10 9.00 5.17 25,000 
Bergey XL.1 1.00 10 2.50 5.17 3,450 
Endurance 
G3120 
55.00 10 19.2 5.17 168,000 
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Figure 5.12 shows the annual energy production and the corresponding 
capacity factors at the target site.  
         (a) 
 
 
Figure 5.12: Output of individual wind turbines, (a) annual energy production,
 and (b) the corresponding capacity factors at the PACT measurement site 
 Beighton. 
 
The capacity factor represents the energy production output of a wind turbine 
and is generally affected by the wind characteristics and the turbine efficiency. 
It can be seen that the highest and lowest values of the capacity factor were 
calculated as 25.46% and 14.06% using the Proven 15 kW and Bergey 1 kW 
wind turbines, respectively.  
 
On the other hand, the energy production estimates indicate that the 
Endurance wind turbine with a rated power of 55 kW exhibited the highest 
amount of energy. For this configuration, the highest annual energy production 
reaches 79,568 kW h.  
(b) 
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Overall, the Endurance 55 kW and Proven 15 kW configurations produce the 
highest annual energy output at the target site. Thus, in terms of the energy 
production and capacity factors, the Endurance 55 kW and Proven 15 kW 
wind turbine is considered as the best choice wind turbine for the site wind 
resource. However, the optimal siting of a wind turbine is strongly dependent 
on its economic performance. Hence, the economic assessment of the 
turbines were investigated in order to identify most cost effective and profitable 
wind turbines option. 
5.5 Economic evaluation  
The economic analysis of installing any of the above wind turbines at the target 
site is evaluated based on the present value of the cost (PVC) method as 
follows (Gökçek et al., 2007; Ahmed, 2012; Belabes et al., 2015): 
 
𝑃𝑉𝐶 = 𝐶𝐼 + 𝐶𝑂𝑀𝑅 (
1+𝑖
𝑟−𝑖
) × [1 − (
1+𝑖
1+𝑟
)
𝑡
] − 𝑆 (
1+𝑖
1+𝑟
)
𝑡
                                                 (5.9)       
in which 𝑃𝑉𝐶  is the current investment made throughout the life span of the 
system, and it includes investment costs for the turbines 𝐶𝐼, the operation, 
maintenance and repair cost 𝐶𝑂𝑀𝑅, the inflation rate 𝑖, the yearly interest rate 
𝑟, which corresponds to the operator’s yearly profit,  the salvage cost at the 
last year of use 𝑆, and the  economic lifetime of the turbine 𝑡. 
The operation, maintenance and repair cost are computed according to the 
following expression (Nedaei et al., 2014): 
 
𝐶𝑂𝑀𝑅 =
𝐶𝐼
𝑡×4
                                                                                                          (5.10)                                                                                                                                   
 
After computing the PVC value, the cost per kilo (kW h) watt of energy may 
be computed as follows (Nedaei et al., 2014): 
 
Cost of kW h  =
𝑃𝑉𝐶
𝐴𝐸𝑃
,
$
𝑘𝑊ℎ
                                                                             (5.11)                                                                                                                 
 
To implement the PVC method, the following assumptions were made: 
 (i) The economic lifespan (𝑡) of the machine as designed by the  
 manufacturers is 20 years.  
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(ii)       The inflation rate (𝑖) and discount rate (𝑟) were assumed as 15% and10%, 
respectively based on the recommendation of Nedaei et al. (2014). 
(iii)   Due to the many costs associated with wind energy project, it is ideal to 
    consider the operation and maintenance costs as a fraction of the capital 
    cost of the system. Hence, it is logical to assign 1.5–6% of the system   
    cost for yearly repair and maintenance in line with previous studies (see 
    for example, Nedaei et al., 2014). 
(iv) All the sites are located outside the urban terrain. Hence, most of 
the costs involved in the installation are always higher than normal, 
when compared with the cost of installing a turbine in an urban 
terrain. Major installations always have to be carried out at sites 
located in rural   regions. Because of this, the scrap value (𝑆) was 
taken as 10% of the cost of the turbine. 
Figure 5.13 shows the relationship between the cost of the wind energy and 
the individual turbines. The results indicate that the cost of wind energy is 
significantly reduced with the increase in the rated power of the turbines. For 
example, installing a Bergey wind turbine with a rated power of 1 kW, the cost 
per kilo watt of electricity at the target site is calculated as $5.55 which is 
significantly higher than the UK average, while the cost for an Endurance wind 
turbine is calculated as $0.08. 
The current UK Feed-in Tariff for electricity generated by a wind turbine with 
rated capacity of less than 100 kilo watts is about $8.53 p/kWh ( ~ 0.12 $/kWh) 
(Renewable UK, 2013). General speaking, a site below the viability criterion 
(see Section 4.4) and a high cost of energy will not be economically viable to 
install a wind turbine. Based on the current cost of energy at this target site 
and without any financial incentives such as the Feed-in Tariff, the only 
economical viable wind turbine option is the Endurance wind turbine with a 
rated power of 55 kW. 
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Figure 5.13: Cost of electricity as a function of the wind turbines at the target 
 site. 
 
5.6 Summary 
This chapter examines the feasibility of a data-driven MCP approach in 
predicting the long-term wind resource at a specific target site using short-
term onsite measurement at various months. The results revealed that while 
short-term data may be subject to seasonal variations, the approach can 
provide a reliable estimate of the long-term wind resources and thus can be a 
useful tool for wind resource assessment in the small-scale wind industry. 
Two MCP approaches, namely linear regression (LR) and variance ratio (VR), 
were compared for the predictions and the results obtained show that both 
approaches predicted the mean wind speed and power density with 
reasonable accuracy.  In general, the absolute error obtained in the estimate 
of the long-term mean wind speed and power density is, on the average, 7.2% 
to 12.9%. Furthermore, the results demonstrate that no clear difference 
between the two MCP approaches in the predicted wind speed. However, in 
terms of the wind power density, both approaches showed a slight bias. 
Further analysis in the residual error revealed that the predictions made using 
the MCP approaches are positively skewed, thus indicating the tendency to 
underestimate the predicted parameters. However, the linear regression 
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approach tends to exhibit a stronger tendency to underestimate the wind 
power density. 
Further insight into the seasonal variations revealed the sensitivities in which 
the onsite wind data were obtained. The results show a clear seasonal 
variations in the signs of the predicted errors. The lowest prediction error 
occurred when using the training data acquired during the winter or spring 
season, while the highest error occurred when using summer and autumn 
training data. Overall, the results show that choosing an optimum 
measurement season can significantly reduce the error in the predicted wind 
power density from 30.3% to 5.4 % using the best performing MCP approach. 
A comparison was made using the error metrics between the data-driven MCP 
approach and the boundary layer method presented in Chapter 4. The results 
clearly indicate a significant improvement in the predicted long-term wind 
resource using the MCP approach. The results show that the best performing 
MCP approach resulted in an absolute error in the mean wind speed and 
power density of 7.2% and 12.9% in contrast to 18.9% and 17% using the 
boundary layer model. However, it must be emphasised that these errors 
indicate the average errors over a specific site and training season and may 
vary considerably from one location to another. 
Based on the success achieved in predicting the long-term wind resource, 
energy production estimates and economic feasibility of installing a wind 
turbine at the target site were made using five different wind turbines. 
Unfortunately, the site does not look promising for small-scale wind energy 
considering the current price per kilo watt of energy for small-scale wind 
generated electricity in the UK except for the Endurance wind turbine model 
with a rated power of 55 kW. What this means is that it will be difficult for any 
wind project less than 55 kW capacity to be economically viable in this site 
without some sort of grant or subsidy. 
The following chapter will consider the aerodynamic design of a small-scale 
wind turbine model based on the site’s wind resource. Measures to improve 
the performance of the turbine concept, particularly self-starting are evaluated.  
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Chapter 6 The Design of a Small-Scale Wind Turbine 
As discussed in Sections 1.4, one of the objectives of this thesis is to design 
a small-scale vertical axis wind turbine with self-starting capabilities. Here, the 
emphasis is on a particular rotor: the Darrieus vertical axis wind turbine with 
straight blade which was first developed in the USA by Darrieus (1931). 
The interest in Darrieus turbines was reinvented by engineers at the National 
Research Council of Canada during the 1970s energy crisis that resulted in 
substantial petroleum shortages as well as high prices. At that time, most 
commercially available turbines for the production of electricity were inefficient 
due to their cost and complexities arising from the designs. This lead to the 
search for simpler and less expensive machines. The result was a Darrieus-
type turbine with the ability to extract wind energy from any direction. 
In this chapter, the case of a Darrieus rotor is introduced in Section 6.1. Next, 
a list of design requirements that drove the original design, and which should 
naturally apply to any solution including the main aim of this chapter is restated 
in Section 6.2. Finally, the modelling strategy for the start-up conditions 
including the generation and processing of viscid aerofoil data and the 
important assumptions and simplifications are presented in Section 6.3. 
6.1 Darrieus-type VAWT 
The first performance data for the Darrieus-type turbine with its original blades 
were reported by Sheldahl and Blackwell (1977) at the Sandia National 
Laboratory. Each of the original blades consisted of three segments: a circular 
arc located near the turbine equator with a 0.19 m chord of NACA 0012 
aerofoil section, and two straight sections attach to the circular arc to the 
central column of the turbine. 
The solidity, 𝜎, of the turbine was calculated to be 0.26. It was found that the 
aerofoil section was detrimental to the turbine performance and that the 
blades should have the aerofoil section from hub-to-hub. With that in mind, 
the design was revised and the aerofoil section was changes to NACA 0015 
and thus was presumably due to its favourable stall characteristics. The 
revised design had a chord length of 0.1524m and was designed to operate 
at a constant rotational speed by connecting the turbine shaft through a 2-
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stage timing belt drive to the induction motor/generator operator at 150 rpm. 
This connection to an induction motor clearly indicates the turbine is not self-
starting and that the machine is started by relying on an external mechanism 
to bring the turbine up to an operating speed.  
6.2 Design requirements  
In order to successfully achieve any modification to the Darrieus rotor, they 
have to comply with serval requirements that drove the original design. These 
requirements are briefly discussed as follows: 
   Performance. The turbine is expected to perform well in different ranges of 
  wind speed. Preferably, the maximum attainable (peak) performance in the 
  power coefficient versus tip speed ratio curve (𝐶𝑝 − 𝜆 ) should be as broad 
  as possible. In addition, an improvement to the self-starting performance 
  should not compromise the power output of the turbine. 
   Noise emissions. The turbine is expected to be quiet during operation. In 
  the UK, the noise emitted by wind turbines is limited by regulations and a 
  fixed limit of 43 dB is recommended for night-time (DOE, 2007). This is  
  based on a sleep disturbance with an allowance for attenuation through an 
  open window. 
   Safety. There should be no safety risks during the operation of the turbine. 
   Capital cost. The modifications to the turbine should not add extra cost to 
  the purchase price so as not to deter customer. 
   Attractive. It is expected that any modification to the rotor should not make 
  it unattractive. However, the aesthetics quality of the turbine is very  
  subjective and thus difficult to define11. 
As stated earlier, there is currently a lack of reliable performance data 
regarding the performance of small-scale wind turbines with self-starting 
capabilities. Hence a major aim of the present work is to modify the 
aerodynamic design of a Darrieus-type VAWT in order to make it self-start at 
low tip speed ratios while honouring the requirements that drove the original 
design and without compromising the overall power output. 
                                                 
11 Stankovic et al. (2009) provided an example of an aesthetic wind turbine with a smooth, streamlined 
modern-looking shape, while a turbine of low aesthetic quality appears crude and industrial. 
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 This encompasses the elimination of the regions of negative power from the 
power coefficient versus the tip speed ratio (𝐶𝑝 − 𝜆) curve by improving the 
torque produced at low tip speed ratios.  The following sections examine the 
modelling approaches to achieve this task. 
6.3 Modelling approaches of the VAWTs self-starting 
A well-known strategy to model a vertical axis wind turbine rotor is to use 
aerofoil data for an average Reynolds number to assume completely inviscid 
flow conditions. Generally, the errors arising from such assumptions are 
acceptable for high tip speed ratios or high Reynolds numbers. Modelling of 
start-up condition for a small-scale rotor, such as the Darrieus turbine, is 
completely opposite. The blade regularly encounters static stall due to 
complex flow phenomenon, particularly at low tip speed ratios. Thus, the 
variations in the blade chordal Reynolds number becomes increasingly 
important. The next section examines the modelling approaches used in this 
thesis for start-up conditions.  
6.3.1 Viscous aerofoil data 
An important aspect in the modelling of self-starting behaviour of VAWTs is to 
predict how the blade behaves under different design conditions. This can be 
achieved in several steps, which are discussed in the following section. 
6.3.1.1 XFOIL 
There are a wide variety of computational tools for the simulation of the 
performance of aerofoil sections. The selection of a suitable tool strongly 
depends on the scope of the investigation as well as the available 
computational time and resources. In this thesis, the open source numerical 
simulation code XFOIL (Drela, 1989) is used. XFOIL is a viscous aerodynamic 
tool for the design and simulation of aerofoils. The basic theory of the code is 
based on a simple linear-vorticity stream function panel method with an 
explicit Kutta condition closure equation system. To achieve good 
compressible flow predictions then a Karman-Tsien compressibility correction 
model is integrated into the program (Drela and Giles, 1989). Different 
computational models, such as CFD, are too time consuming to be considered 
for use within the scope of this work. 
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6.3.1.2 Validity of XFOIL predictions 
A design tool, such as XFOIL/ XFLRS, is simply a representation of the real 
life situation. However, the accuracy of prediction tends to diminish at very low 
Reynolds numbers. For example, laminar separation bubbles can be a great 
source of error when they are present over parts of the aerofoil modelled with 
the panel method code. Another issue of concern is the uncertainty associated 
with the prediction of the free stream turbulence level and the setting of an 
appropriate amplification factor (see Section 3.4.1.2). In addition, the drag 
coefficient in XFOIL is computed from the wake momentum thickness 
downstream of the aerofoil using the Squire-Young formula (Drela, 1995). 
When separation occurs at the trailing edge of the aerofoil, the assumption 
that justifies this method breaks down and large uncertainties can be 
expected. However, the panel methods code are  developed to operate at 
moderate angles of attack simulation ranges, therefore, the wake trajectory 
problem is not critical for the aerofoil computation accuracy at low angles of 
attack (Drela and Giles, 1986). 
6.3.1.3 High angles of attack 
Despite being a convenient design tool, XFOIL tends not to converge at lower 
Reynolds numbers (< 105) and close to separation. This ultimately limits the 
boundary of application to the range between plus and minus the static stall 
angle. To demonstrate the prediction capacity of XFOIL at higher angles of 
attack, the results of two aerofoil section are compared with a wind tunnel 
experiment of Abbott and Doenhoff (1949). These aerofoils include a turbulent 
profile, namely NACA 4418 and a laminar profile NACA 64-218 and the results 
are shown in Figures 6.1 and 6.2. The results indicate a good agreement 
between experimental data and those obtained using XFOIL, see Figure 6.1. 
However, for the case of the turbulent profile, XFOIL tends to slightly over 
estimate the lift as compared the experimental data (see Figure 6.1). 
Consequently, XFOIL produces a higher maximum lift coefficient 𝐶𝑙𝑚𝑎𝑥. Thus, 
at higher Reynolds number, XFOIL has some difficulty in accurately  
predicting turbulent profiles accurately. 
Conversely, for the case of the laminar profile, a strong agreement was 
observed between XFOIL and the Experimental data over the whole range of 
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aerofoil. The results exhibit the same behaviour, except at the point where the 
angle of attack,  𝛼 > 10° see Figure 6.2.  
 
Figure 6.1: Comparison of NACA 4418 aerofoil characteristics with wind 
 tunnel experiments at a Reynolds number, Re = 3000000. 
 
Figure 6.2: Comparison of NACA 64-218 aerofoil characteristics with wind 
 tunnel experiment at a Reynolds number, Re = 3000000. 
 
Therefore, XFOIL accurately predicted the behaviour of NACA 64-218 with 
reasonable accuracy and is thus a suitable aerofoil design tool. 
6.3.1.3 Turbulence level 
The VAWT tends to generate high turbulence, particularly at the downwind 
pass of the rotor.  These perturbations could be of high scale so that they can 
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impact on the boundary layer and possibly stabilise it. This can be accounted 
for in XFOIL by setting a suitable critical amplification factor for the 𝑒𝑛 
model, 𝑁𝑐𝑟𝑖𝑡, which enables free transition to be predicted over the aerofoil 
using the Tollmien-Schlichting wave disturbances (Drela, 1995). Some 
examples of turbulence level that follows from this code are given in the user 
manual (see Table 6.1) and its effect on the lift curve of the NACA 0018 
aerofoil section is depicted in Figure 6.3. 
 
Table 6.1: Typical turbulence values of Ncrit for various scenarios as listed in 
 the XFOIL user manual (Drela, 1995). 
 
Situation Ncrit Turbulence level 
Sail plane 12-14 0.009-0.020% 
Motorglider 11-13 0.013-0.030% 
Clean wind tunnel 10-12 0.020-0.046% 
Average wind tunnel 9 0.070% 
Dirty wind tunnel 4-8 0.106-0.563% 
 
Clearly, the effects can be quite significant on the overall performance of the 
aerofoil. A similar analogy was illustrated by Paraschavoui (2002) to limit the 
application of dynamic stall models to regions of low turbulence bounds in the 
range 15° ≤ 𝜃 ≤ 135° - the point where all vorticity is shed at the extremes. 
Based on this, the rotor plane is split into an upwind region of relatively low 
turbulence (Ncrit = 9), ranging from 15° to 135°, and in the downwind region of 
high turbulence (Ncrit = 4) for the remaining angles. 
The 𝑒𝑛 model is regarded as the most widely used transition model in the field 
of aerofoil aerodynamics (White, 2005) as well as in the field of wind energy 
(Hansen, 2008). For high inflow turbulence levels, or highly distributed 3D 
roughness effects, other transition effects occur, namely by pass transition 
and this cannot be predicted using the 𝑒𝑛 model (Drela and Giles, 1989). 
VAWT applications include highly turbulent flows but in the absence of a more 
robust transition model with reasonable computational cost, the  𝑒𝑛 model was 
and is still regarded as the most popular transition model.  
More advanced transition models have been developed in recent years and 
their use is expected to gain more popularity an examples of such a model is 
172 
 
the 𝑘 − 𝑘𝑙 − 𝜔 model developed by Walters and Cokljat (2008) for RANS 
solvers, which was implemented in the Open FOAMTM code. However, this 
version of the transition model was not implemented in this thesis. 
 
 
Figure 6.3: Performance prediction of a NACA 0018 profile at 0.070% and 
 0.046% turbulence levels. 
 
Overall, XFOIL is a powerful and flexible design and simulation code that has 
been widely used for the analysis of low Reynolds number aerofoils by leading 
wind turbine research organisations, including NREL and Risoe (Dahl and 
Fuglsang, 1998), SWIP (European Commision, 2013). The current version of 
the code, the open source code XFLRS, is integrated within the Qblade 
software to design or import aerofoil geometries, generate or import measured 
aerofoil performance coefficients for rotor simulations and manage the aerofoil 
database. The benefits of employing the current version are the large number 
of experimental and numerical validations and the high quality of the simulated 
aerofoil coefficients. Also, the aerofoil lift and drag coefficients can be 
extrapolated using either the Montgomery or the Viterna-corrigan post stall 
model (Marten et al., 2013). However, the program being a panel method code 
has some inherent limitations, such as its inability to handle large flow 
separation, unsteady flow conditions etc.  
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6.4 Wind turbine simulations 
The BEM theories were first developed in the 1930s and are still being widely 
utilised in recent years for wind turbine simulations. A detailed description of 
the theories underpinning the Blade Element momentum method (BEM) and 
the blade element theory was given by Hansen (2008) and Paraschavoui 
(1981).  Therefore, in the following paragraph we do not describe the method 
in detail, but rather present a description of one of the simulation algorithms, 
its assumptions and limitations. Based on the work of Paraschavuoi (1981) 
and Hansen (2008), an open source code based on the Double Multiple 
Stream Tube Model, namely Qblade was developed by Marten et al. (2010). 
The vertical axis wind turbine (VAWT) simulation algorithm in Qblade is based 
on the blade element theory (to compute the local blade forces) coupled with 
a multiple streamtube momentum balance (to account for the global flow field) 
over two vertical axis wind turbine rotor discs. The prediction tool allows for a 
rapid development of the aerodynamic rotor shape, based on a comparison 
of different rotor designs. The code has been widely validated against 
experimental and field data, and their computational efficiency and robustness 
are the reasons why they are widely used in wind turbine industry and 
research.  
6.4.1 The Double Multiple Streamtube Algorithm 
 
The vertical axis wind turbine (VAWT) tool in Qblade is an implementation of 
the Double-Multiple Streamtube Model algorithm, based on the concept of 
Paraschavoiu (1981). The turbine is modelled as two actuator rotor discs in 
tandem, see Figure 6.4, one for the upstream half-cycle and one for the 
downstream half –cycle during one rotation. The rotor blade is discretised into 
an arbitrary, user specified, number of streamtubes, the circular path of each 
streamtube is divided into 5°, as recommended by Parashavoui (1981). Each 
of the streamtubes is recognised by the angle 𝜃, defined as the angle between 
the direction of the free stream velocity and the position of the streamtube in 
the rotor. The model assumes that the wind velocity experiences a 
deceleration near the rotor, and if the front and rear parts of the turbine are 
represented by two discs in tandem, then the flow velocity will be decelerated 
twice, once for the upstream and the second for the downstream half-cycle. 
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Figure 6.4: Illustration of the Doubles Multiple Streamtube Model with 
 actuator discs and velocity vectors at the upstream, equilibrium and 
 downstream  cycles of the actuator disc (Adapted from Newman, 
 1983; Paraschavoui, 1981). 
 
The calculation of the induced velocity is described as follows (Paraschivoiu, 
1981): 
For the upstream half cycle, the induced velocity at the rotor is given as 
follows: 
𝑉𝑢=𝑉∞𝑎𝑢                                                                                                                                        (6.1) 
where  𝑉𝑢 is the upstream induced velocity, 𝑉∞ is the free stream velocity and 
𝑎𝑢 is the upstream interference factor. 
The induced velocity in the equilibrium plane is given by: 
𝑉𝑒=𝑉∞ (2
𝑉𝑢
𝑉∞
− 1) = 𝑉∞(2𝑎𝑢 − 1)                                                                                            
(6.2) 
Similarly, for the downstream half cycle, the induced velocity is expressed as 
follows: 
𝑉𝑑=𝑉𝑒𝑎𝑑                                                                                                                                  (6.3) 
where 𝑉𝑑 is the downstream induced velocity and 𝑎𝑑 is the downstream 
interference factor. 
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Under these conditions, the streamtube induced velocity is calculated by a 
double iteration, one for each part of the rotor. 
                                            
 
 
Figure 6.5: (a) Plan view of the DMST showing velocity triangle to determine 
 the relative velocity. (b) A single blade illustrating the concept of 
 pitching. 
6.4.1.1 Upstream half-cycle of the rotor 
For the upstream half cycle of the rotor, the local resultant air velocity or 
relative velocity, is computed according to the following expression: 
𝑊𝑢 = √𝑉𝑢
2[(𝜆 − 𝑠𝑖𝑛2𝜃)2 + 𝑐𝑜𝑠2𝜃]                                                                            (6.4) 
where 𝑊𝑢 is the upstream relative velocity and 𝜆 is the tip speed ratio given as 
follows: 
𝜆 =
𝑅𝑤
𝑉
                                                                                                                                   (6.5) 
 
The definition of the angles, force and the velocity vectors at the equatorial 
plane of the rotor are given in Figure 6.5. 
 
(a) 
(b) 
176 
 
The local angle of attack, as a function of the tip speed ratio is given as follows: 
 
𝛼 = 𝑠𝑖𝑛−1 [
𝐶𝑜𝑠𝜃𝐶𝑜𝑠𝛼−(𝜆−𝑆𝑖𝑛𝜃)𝑆𝑖𝑛𝛼
√(𝜆−𝑆𝑖𝑛𝜃)2+𝑐𝑜𝑠2𝜃
]                                                                          (6.5a)    
                      
For a pitch blade, the pitch angle is included in Eqn. (6.5a) as follows: 
 
𝛼 = 𝑠𝑖𝑛−1 [
𝐶𝑜𝑠𝜃𝐶𝑜𝑠𝛼−(𝜆−𝑆𝑖𝑛𝜃)𝑆𝑖𝑛𝛼
√(𝜆−𝑆𝑖𝑛𝜃)2+√𝑐𝑜𝑠2𝜃
]  − 𝛾                                                               (6.5b)  
 
Then, using a combination of the blade element momentum theory and the 
momentum equation at each streamtube and by equating the vertical variation 
of the induced drag coefficient of the rotor, the following expression is 
obtained:                                                                             
𝐹𝑢𝑝 =
𝑁𝑐
8𝜋𝑅
∫ (𝐶𝑛
𝐶𝑜𝑠𝜃
|𝐶𝑜𝑠𝜃|
− 𝐶𝑡
𝑠𝑖𝑛𝜃
|𝐶𝑜𝑠𝜃|
) (
𝑊𝑢
𝑉
)
2
𝑑𝜃
𝜋
−
𝜋
2
                                                             (6.6)    
where 𝐹𝑢𝑝 is the function that characterises the upwind conditions, 𝐶𝑛 and  𝐶𝑡 
are the normal and tangential force coefficients defined in Eqns. (3.14) and 
(3.15).                                                                                    
                                                                                                                      
The aerodynamic coefficients (𝐶𝑙,𝐶𝑑) are obtained from experimental data 
using both the local Reynolds number and the local angle of attack.    
A blade Reynolds number can be defined as follows: 
𝑅𝑒𝑏 = 𝑉𝑐/𝜐√(𝜆 − 𝑆𝑖𝑛𝜃)2 + 𝐶𝑜𝑠2𝜃                                                                      (6.7)                                                                        
 
where 𝑐 is the aerofoil chord and 𝜐 is the kinetic viscosity. 
 
For a given rotor geometry, rotational speed and free stream velocity, a first 
set of calculations from equations (6.1) to (6.7) is obtained by assuming the 
initial interference factor 𝑎𝑢=1. Then, the new value of 𝑎𝑢 is used to repeat the 
procedure until the initial and final values are within some level of prescribed 
tolerance. The procedure is repeated for each streamtube position and once 
the upstream induced velocity has been calculated, then the procedure is 
repeated for the downstream half cycle by interchanging the upstream 
induced velocity 𝑉𝑢 by the downstream induced velocity 𝑉𝑑.  
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6.4.1.2 Upstream blade force and performance 
The streamwise blade forces acting on the blade such as the normal and 
tangential force may be evaluated for each streamtube as a function of the 
blade azimuthal angle. Half rotor torque, power and drag are resolved by 
averaging the contributions from each streamtube for the upstream half cycle 
of the rotor.  
 
For each blade in the upwind cycle, the non-dimensional force coefficients 
as a function of the blade azimuthal angle are expressed as follows 
(Paraschavoui, 1981): 
 
𝐹𝑛(𝜃) = (
𝑐𝐻
𝑆
) ∫ 𝐶𝑛 (
𝑊𝑢
𝑉∞
)
21
−1
𝑑𝜁                                                                         (6.8)                                                                                           
 
𝐹𝑡(𝜃) = (
𝑐𝐻
𝑆
) ∫ 𝐶𝑡 (
𝑊𝑢
𝑉∞
)
2
𝑑𝜁
1
−1
                                                                             (6.9)                                                                                           
                                                                          
where 𝐹𝑛 and 𝐹𝑡  represent the normal and tangential forces, 𝜁 = 𝑧/𝐻 is the 
height ratio between the upwind and downwind half-cycle of the rotor and 𝑆  is 
the swept area of the rotor. 
 
The torque produced by the blade is then obtained at the center of each 
blade element as follows (Paraschavoui, 1981): 
 
𝑇𝑢𝑝 (𝜃) =
1
2
𝜌𝑐𝑅𝐻 ∫ 𝐶𝑡𝑊𝑢
21
−1
                                                                                      (6.10)                                                                                                
 
The average half-cycle of the torque produced by  𝑁 2⁄   of the 𝑁 blades is 
given by: 
 
𝑇𝑢𝑝 (𝜃) =
𝑁
2
∫ 𝑇𝑢𝑝 (𝜃)𝑑𝜃
𝜋/2
−𝜋/2
                                                                       (6.11)                                                                                              
 
then, the average torque coefficient is given by the expression as follows 
(Paraschavoui, 1981):  
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𝐶?̅?1 =
𝑁𝑐𝐻
2𝜋𝑆
∫ ∫ 𝐶𝑡 (
𝑊𝑢
𝑉∞
)
21
−1
𝜋/2
−𝜋/2
                                                                                 (6.12)                                                                                                          
 
 and then the upstream cycle power coefficient is given according to the 
following equation (Paraschavoui, 1981):  
𝐶𝑝𝑢 = 
𝑅𝜔
𝑉∞
 𝐶?̅?𝑎𝑣1    =   𝜆 𝐶?̅?𝑎𝑣1                                                                                    (6.13)                                                                                                                                                                                           
6.4.1.3 Downstream half-cycle of the rotor 
 
Similarly, for the downstream half-cycle of the rotor, the blade relative velocity 
is given as follows: 
𝑊𝑑 = √𝑉𝑑
2[(𝜆𝑑 − 𝑠𝑖𝑛2𝜃)2 + 𝑐𝑜𝑠2𝜃]                                                                (6.14)                                                                                     
 
where  𝜆𝑑 =
𝜔𝑅
𝑉𝑑
 ,                                                           
The angle of attack is evaluated using Eqn. (6.5) where 𝜆 is replaced by 𝜆𝑑, 
and the subscript 𝑑 represents the downwind cycle. 
 
Using the same analogy for the upstream cycle, the equilibrium equation given 
by Eqn. (6.2) is used as input into the downstream half-cycle at each 
streamtube. Thus, the computation process is initialised by 𝑎𝑑 = 𝑎𝑢. 
 
The expression that contains the downstream interference factor becomes 
(Paraschavoui, 1981):  
 
𝐹𝑑𝑤 𝑎𝑑 = 𝜋(1 − 𝑎𝑑)                                                                                           (6.15)                                                                                                    
 
𝐹𝑑𝑤 =
𝑁𝑐
8𝜋𝑅
∫ (𝐶𝑛𝑑
𝐶𝑜𝑠𝜃
|𝐶𝑜𝑠𝜃|
− 𝐶𝑡𝑑
𝑠𝑖𝑛𝜃
|𝐶𝑜𝑠𝜃|
) (
𝑊𝑢𝑑
𝑉𝑑
)
2
𝑑𝜃
3𝜋/2
𝜋/2
                                             (6.16)                                            
6.4.1.4 Downstream blade forces and performance 
 
The normal and tangential force coefficients for the downstream blade as a 
function of the azimuthal angle 𝜃 are given as follows (Paraschavoui, 1981): 
𝐹𝑛𝑑(𝜃) = (
𝑐𝐻
𝑆
) ∫ 𝐶𝑛𝑑 (
𝑊𝑢
𝑉∞
)
2
𝑑𝜁
1
−1
                                                                   (6.17)                                                                                    
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𝐹𝑡𝑑(𝜃) = (
𝑐𝐻
𝑆
) ∫ 𝐶𝑡𝑑 (
𝑊𝑢
𝑉∞
)
21
−1
   𝑑𝜁                                                                     (6.18)                                                                                  
 
The torque produced by the downstream blade is computed as follows 
Paraschavoui, 1981): 
 
𝑇𝑑 (𝜃) =
1
2
𝜌𝑐𝑅𝐻 ∫ 𝐶𝑡𝑑𝑊𝑢𝑑 𝑑𝜁
1
−1
                                                                                      (6.19) 
 
the average half-rotor torque is expressed as follows (Paraschavoui, 1981): 
 
?̅?𝑑 =
𝑁/2
𝜋
∫ 𝑇𝑑
3𝜋/2
𝜋/2
 (𝜃) 𝑑𝜃                                                                                                 (6.20) 
 
and the average torque coefficient is given as follows: 
 
𝐶?̅?2 =
𝑁𝑐𝐻
2𝜋𝑆
∫ ∫ 𝐶𝑡𝑑 (
𝑊𝑢𝑑
𝑉∞
)
2
𝑑𝜁𝑑𝜃 
1
−1
3𝜋/2
𝜋/2
                                                          (6.21)                                                                       
                                                                                                        
The effective power coefficient 𝐶𝑝𝑡 of the VAWT is the sum of both the 
upstream and downstream cycles, given as follows: 
 
𝐶𝑝𝑡 = 𝐶𝑝𝑑 + 𝐶𝑝𝑢                                                                                                                     (6.22) 
 
6.4.2 Summary  
The aim of the simulation program is the possibility to design and analyse 2D 
aerofoils for use in the self-starting improvement of a small-scale vertical axis 
wind turbine. Low cost and short calculation time are essential to incorporate 
the simulation program into the aerofoil design process. CFD and vortex 
models are too time consuming to use for this purpose. Therefore the choice 
of the model to use is a momentum based Double Multiple Streamtube model 
which is incorporated into the Qblade simulation code. This code provides the 
functionality for pitch angle and rotational speed controllers, geometry export 
and it serves as a powerful tool to compare different blade designs and their 
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performance and to investigate all the design variables along the rotor, see 
Chapter 7. 
 
Figure 6.6: Simulation sequence and data flow. 
 
To summarise, the following assumptions and simplifications have been 
employed and they are valid for all the wind turbine simulation approaches 
based on this method. 
 The aerofoil performance is estimated using steady state aerodynamic 
data from XFOIL up to an appropriate point of stall. It should be noted 
the prediction for the post stall region can be a great source of error for 
low tip speed ratios. This is one of the major limitations of the panel 
method code. 
 The induction velocities through the turbine are obtained from a 2D 
vortex panel method under the assumption of inviscid, incompressible 
flow. All 3D effects including swept flow are completely neglected. 
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However, in reality, the induction velocities is fluctuating in time and 
space. 
 The turbulence at the downwind half of the rotor is taken into account 
by dividing the blade trajectories into different parts where each part 
corresponds to a different critical amplification factor. Working with 
XFOIL also implies that the transition mode is a free transition and not 
an other mechanism. 
 The rotational effects, are accounted for only with respect to the 
velocity distribution along the rotor blade. All the other rotational 
induced effects such as Coriolis and centrifugal forces, are ignored. 
Figure 6.6 show the sequence of workflow employed for the simulation.  
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Chapter 7: Evaluation of a Darrieus VAWT with self-starting 
 capabilities 
7.1 Overview 
As discussed in Sections 1.4 and 2.8.1, the Darrieus vertical axes suffers from 
one major drawback and this is their inability to reliably self-start under some 
operating conditions and this has limited their application in small-scale 
decentralised power generation. Unless the turbines are designed to 
overcome this problem, and reliably self-start by accelerating beyond the 
regions of negative torques, they may be unsuitable for small-scale power 
generation. 
A wide range of solution strategies to improve self-starting have been 
reviewed in Sections 2.8.2-2.8.8, and from these reviews a number of 
conclusions can be drawn as follows: 
(i) Self-starting may be improved with the use of a Darrieus-Savonius 
hybrid rotor; 
(ii) A number of modelling strategies, such as increasing the Reynolds 
number, using cambered aerofoils, rotor solidity, and thickness 
appear to improve the self-starting performance of a fixed-pitch 
VAWT 
(iii) Variable pitch mechanism can be used to completely control the 
blade angle of attack from stalling at low tip speed ratios, and 
ultimately results in high starting torque. However, implementing 
such a design is inherently complex and expensive in the context of 
small-scale wind energy.  
Although, these solution strategies provide a guide to some possible areas of 
investigation, it is generally difficult to implement some of the solution 
strategies due to lack of quantitative data as noted in Section 2.7.4.4.1. Thus, 
the following questions are posed: 
(i)  Can the conventional fixed-pitch VAWT be redesigned to 
 incorporate self-starting with acceptable cost and efficiency? 
(ii)  Is it possible to design a low cost small-scale VAWT capable of 
 self-starting? 
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In order to answer these questions it is important to have the following: 
(i)       Reliable lift and drag coefficients data of suitable aerofoils at  
        different range of angles of attack and Reynolds numbers. 
(ii) A design proposal which can reliably predict the performance of 
 both the fixed and pitch VAWTs under some nominated conditions            
Although a number of studies have investigated the performance of a fixed-
pitch VAWT, only a few of these studies have considered the concept of self-
starting in small-scale scale wind energy. Thus, the work presented in this 
Chapter is intended to identify the variables and equations governing self-
starting and goes on to predict the performance of  a small-scale wind turbine 
under some nominated conditions. 
Specifically, the main objectives of the work presented in this Chapter are as 
follows: 
(i)   Identify the variables that affect self-starting in a VAWT. 
(ii) Evaluation of the aerofoil profiles for self-starting of a small-scale 
 VAWT through a critical examination of their salient aerodynamic 
 features. 
(iii) Design and performance assessment of a small-scale VAWT with 
 self-starting capabilities. 
The chapter is structured as follows: Section 7.2 describes the variables and 
the basic equations governing the torque and power output of a vertical axis 
wind turbine, including the variation of the tangential force coefficient with the 
angle of attack and the influence of Reynolds number on self-starting. Section 
7.3 present some important design choices to be considered. Then, Sections 
7.4 and 7.5 deal with the evaluation and discussion of existing aerofoils for 
VAWTs. Sections 7.6 and 7.7 present the design choices leading to the design 
proposals. Finally, Section 7.8 presents a summary of the design outcomes. 
7.2 Variables and equations governing the performance of a 
vertical axis wind turbine (VAWT) 
In order to develop strategies to overcome self-starting, an understanding of 
why they produce little torque at low tip speed ratios or at a stationary position 
is required. Section 7.2.1 sets out the equation for the tangential force 
coefficient 𝐶𝑡 acting on the aerodynamic centre of a blade cross-section. The  
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𝐶𝑡 can be calculated if the values of the dimensionless lift and drag coefficients 
as well as functions of the angle of attack 𝛼 for a particular aerofoil section are 
known, and thus, it is possible to predict the torque output of a stationary 
VAWT. This will provide some understanding into the factors that affects 
reliable self-starting but does not indicate whether a VAWT can accelerate 
beyond the region of negative torque where it starts to do useful work, 
because, according to Figure 1.3 minimum torque generally occurs at a range 
of tip speed ratios 𝜆 between 0.7 and 2.7. 
Furthermore, the tangential force coefficient, torque and power produced by a 
blade element connected to a spinning rotor can be calculated as a function 
of the blade azimuthal position 𝜃, tip speed ratio 𝜆, and the blade pitch angle 
𝛾. This procedure, deepens the understanding of the factors that influence the 
torque behaviour when the rotor is spinning at low tip speed ratio 𝜆 and 
provides more insight into the actual torque and power at these operating 
conditions, but it does not show two important trends in the VAWTs operation. 
These are as follows: 
(i) Generally, the downstream velocity that a VAWTs experiences during 
 rotation is lower than the upstream velocity and the total free 
 stream wind felt by the blade is less than the vector difference of 
 the free stream velocity and the blade velocity.  
(ii) Because about 90% of the energy extracted by a wind turbine occurs 
 at the  upstream half cycle, the actual wind experienced by the blade 
 downstream will be less compared to their upstream pass. 
Therefore, because of this upstream/downstream difference in the wind 
velocity, it is vitally important to use a suitable aerodynamic model that 
adequately accounts for the velocity differences at both the upstream and 
downstream passes. Existing models which account for this interactions have 
been reviewed in Section 2.9, and the model considered for the present 
analysis is described in Section 6.4.1. 
7.2.1 Variation of tangential coefficient with the angle of attack  
 
Consider a blade element at a stationary position showing the dimensionless 
lift and drag coefficients along with the blade relative velocity and a 
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corresponding angle of attack, see Figure 7.1. The contribution to the total 
torque acting on the blade can be expressed by decomposing the lift and drag 
coefficients into tangential force coefficients as follows: 
 
𝐶𝑡 = 𝐶𝑙𝑠𝑖𝑛𝛼 − 𝐶𝑑𝑐𝑜𝑠𝛼                                                                                   (7.1)                                                                                                            
                                                               
where 𝐶𝑡 is the tangential force coefficients which determines whether an 
aerofoil generates a positive or negative torque. 𝐶𝑙 and 𝐶𝑑 are the lift and drag 
coefficients and are functions of 𝛼, Reynolds number and the aerofoil section 
used.  
It should be noted that when the rotor is at a stationary position, Eqn. (6.5a) 
reduces to 𝛼 = 0. 
 
 
 
Figure 7.1 Schematic of a blade element showing the components of the lift 
and drag coefficients contributing to the tangential force coefficient.  
 
To demonstrate the behaviour of a rotor at a stationary position, consider the 
case of a two-dimensional NACA 0018 blade. Using Eqn. (7.1) and 
experimental data from Sheldahl and Klimas (1981), the forward tangential 
force coefficient at a Reynolds number of 80,000 is plotted in Figure 7.2 and 
can be seen that a large drop in the tangential force coefficient 𝐶𝑡 occurs at 
the point of leading-edge separation caused by the sudden loss in lift and 
increase in drag. This results in a post stall region of negative tangential force 
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coefficient, followed by a high angle of attack region of positive 𝐶𝑡. Although, 
some regions of negative tangential force exist, the net torque over a complete 
cycle is definitely positive. This should allow this hypothetical layout to 
accelerate from a stationary position. 
 
 
Figure 7.2:  Tangential force coefficient as a function of the angle of attack for 
 a single NACA 0018 aerofoil at rest (λ=0) based on the formula given 
 in Eqn. (7.1) and experimental data from Shelddahl and Klimas (1981). 
 
7.2.2 Variation of torque with blade azimuthal position and tip speed 
ratio 
 
As shown in the previous subsection, the tangential force coefficient 𝐶𝑡 can 
easily be evaluated if the aerodynamic coefficients (𝐶𝑙, 𝐶𝑑) and the angle of 
attack 𝛼 are known. The variations of  𝐶𝑡 with 𝛼 shown in Fig. 7.2 indicates 
whether or not the net torque for a given blade is positive or negative. 
However, it does not indicate the actual magnitude of the torque when the 
turbine is in motion. Further, it does not give an indication of the values of the 
torque at each position of the blade or the average value over the complete 
turbine rotation. To calculate the torque at a specific azimuthal position, the 
following steps are required: 
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(i) The forces acting on the blade (lift, drag and tangential forces) must be 
 calculated from the corresponding dimensionless aerodynamic 
 coefficients (𝐶𝑙, 𝐶𝑑) and thrust coefficients. 
(ii) The angle of attack 𝛼 and the relative velocity must be expressed as a 
 function of the wind velocity 𝑉, rotational speed of the turbine 𝜔, and 
 the blade azimuthal position 𝜃. 
The aerodynamic forces produced by a blade on a fixed-pitch VAWT are given 
as follows: 
 
𝐹𝑙 = 𝐶𝑙(0.5𝜌𝐴𝑉𝑟𝑒𝑙
2)                                                                                        (7.2)                                                                                                                
𝐹𝑑 = 𝐶𝑑(0.5𝜌𝐴𝑉𝑟𝑒𝑙
2)                                                                                     (7.3)                                                                                                             
𝐹𝑡 = 0.5𝜌𝐴𝑉𝑟𝑒𝑙
2𝐶𝑡                                                                                         (7.4)                                                                                                    
                                                                                              
in which 𝐹𝑙, 𝐹𝑑, 𝐹𝑡 are the lift, drag and tangential forces, 𝜌, 𝐴 and 𝑊 indicate 
the air density, blade platform area and relative velocity of the blade, 
respectively. 
 
The torque produced by the blade as a result of these forces is given as 
follows: 
 
𝑇 = 𝐹𝑡𝑅 = 0.5𝜌𝐴𝑉𝑟𝑒𝑙
2𝐶𝑡𝑅                                                                                          (7.5)                                                                                                      
 
where 𝑇 is the torque and 𝑅 is the radius. 
 
For an aerofoil with a straight blade, the angle of attack 𝛼 and relative velocity 
𝑊 are seen to be functions of the blade azimuthal position 𝜃, the induced 
velocity 𝑉𝑢 and 𝜔R, see Figure 6.5(a). 
The magnitude and direction of the induced velocity 𝑉𝑢 varies significantly with 
𝜃 due to the extraction of power by the blades, thus 𝑉𝑢  is always less on the 
downwind cycle than the upwind cycle. However, when the blade is at a static 
position or accelerating at low λ, the turbine produces a very small power and 
in that condition it might be ideal to assume that the induced 𝑉𝑢 is uniform at 
both the upwind and downwind cycle and is equal to the free stream 
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velocity 𝑉∞, so that the tip speed ratio λ is independent of the azimuthal 
position 𝜃. Thus, the angle of attack becomes a function of 𝜃 and λ. Therefore, 
when there is no inflow induction into the turbine, the angle of attack can be 
computed according to the following expressions: 
𝛼 = 𝑡𝑎𝑛−1(𝑉𝑢𝑆𝑖𝑛𝜃/( 𝜔R+𝑉𝑢𝐶𝑜𝑠𝜃) = 𝑡𝑎𝑛
−1(𝑆𝑖𝑛𝜃/( λ+𝐶𝑜𝑠𝜃))                               (7.6)                                                                   
 
Equation (7.6) indicates that, apart from the dependence on the azimuthal 
position, 𝜃, the angle of attack variation of a blade element is strongly 
determined by the tip speed ratio, λ. This dependence is better illustrated in 
Figure 1, but for convenience it is repeated as Figure 7.3 at several values of 
the tip speed ratio λ for the ease of reference.  
 
Figure 7.3: Angle of attack variation as a function the azimuthal position and 
 tip speed ratio experienced by a blade under different conditions. 
 
At  λ = 0, the blade experiences only wind speed and its angle of attack varies 
linearly with the azimuthal position. Consequently, when the turbine is at a 
stationary position, it has to cope with a wide range of angles of attack  
(−180° ≤ 𝛼 ≤ 180°) and up to λ = 1. It is only when λ > 1 that the blade 
experiences a head wind at every azimuthal position ( making 𝛼 drop to zero 
at 𝜃 = 180°). 
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The assumption made to derive Eqn. (7.6) can never hold in real life situations. 
Nevertheless, the tip speed ratio remains an essential parameter that governs 
the behaviour of a VAWT. In real situation, the downwind half of the rotor is 
strongly affected by the vorticity due to the upwind pass. 
 
Furthermore, from Figure 6.5 (a), the relative velocity 𝑊 can be expressed as 
follows: 
 
𝑊 = √(𝑉𝑢𝑆𝑖𝑛𝜃)2 + (𝜔R + 𝑉𝑢𝐶𝑜𝑠𝜃)2 =𝑉𝑢√(𝑆𝑖𝑛2𝜃 + (λ + 𝐶𝑜𝑠𝜃)2)                               (7.7)    
 
where  λ = 𝜔R 𝑉𝑢⁄                                                                                                                             
 
The torque acting on the blade can then be calculated as a function of 𝜃 and 
λ  and assuming constant wind flow through the turbine and provided the 
aerodynamic coefficients data (𝐶𝑙, 𝐶𝑑) are available for a particular aerofoil as 
a function of 𝛼. Figure 7.4 depicts the torque, 𝑇 as a function of 𝜃 for a tip 
speed ratio λ=1.5. 
 
Figure 7.4: Torque, 𝑇 as a function of azimuthal positions and tip speed ratio 
 for NACA 0018 section blades at Re = 80,000. 
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For this Reynolds number, the positive peaks are smaller and the negative 
troughs are greater. The net effect of this trend is shown in Figure 7.5 in which 
the power and torque coefficient is plotted as a function of the tip speed ratio. 
This plot indicates that a typical small-scale Darrieus turbine with a fixed-blade 
utilising NACA 0018 blades of 0.2 m chord may not be able to achieve passive 
start-up at a wind speed of 5m/s.  
 
7.2.3 Power output and Torque coefficient 
 
The power produced by a wind turbine is the product of the torque and its 
rotational speed and is expressed as follows: 
𝑃 = 𝑇𝜔                                                                                                                         (7.8) 
 
It should be note that the power produced by a wind turbine is usually 
expressed in terms of its coefficient of performance 𝐶𝑝, which indicates the 
amount of power intercepted by the turbine as follows:  
𝐶𝑃 = 𝑃/0.5𝜌𝐴𝑉
3                                                                                                                      (7.9) 
 
The corresponding torque coefficient is given as follows: 
Figure 7.5: (a) Power coefficient, (b) Torque coefficient as a function of 
 tip speed ratios for  NACA 0018 section blades at a wind speed
 5 m/s. 
 
(a) (b) 
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𝐶𝑞 = 𝐶𝑃/λ = 𝑇/[(0.5ρAV
2)𝑅]                                                                                (7.10)                                                                                                                    
 
7.2.4 The influence of Reynolds number 
 
As noted in Section 2.8.2, the aerofoil performance is strongly affected by the 
Reynolds number. This is illustrated for NACA 0018 blade at Re = 500,000; 
360,000; 80,000 and 50,000, respectively. Figure 7.6 shows the predictions 
for four Reynolds numbers. In this data, the design stall angle of attack (αstall) 
ranges from 8 to 17 degrees. These results show that the aerofoil is very 
sensitive to changes in the Reynolds numbers. 
Furthermore, the results indicate that the generation of lift and drag can 
significantly drop by the choice of a Reynolds number which will clearly affect 
the self-starting performance of the aerofoil. 
In line with the findings of many researchers, the above discussion reveals 
that that there is a band of negative torque, often known as the dead-band, in 
the operating range 0.5 ≤ 𝜆 ≤ 1.5. 
 
Figure 7.6: The predicted lift and drag coefficient as a function of angle of 
 attack at several Reynolds number for the NACA 0018 aerofoil.   
 
The main reason behind the dead-band is the combination of small-scale and 
the light wind conditions which lead to low Reynolds numbers, often less than 
105. The lift production and stall behaviour of the aerofoil at this low Reynolds 
number is severely aggravated, thus resulting in a low starting torque. The net 
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effect of these operating conditions is evaluated numerically and plotted in 
Figures 7.5 (a) and 7.5 (b). The results show that at the point of cut-in, the 
power and torque coefficient is completely negative, thus indicating that a 
typical small-scale VAWT with fixed NACA 0018 blades does not achieve 
passive start-up. Therefore it is necessary to investigate other avenues to 
achieve self-start. This is treated in the following sections. 
7.3 Conceptual design 
Some of the solution strategies to improve self-starting in Section 7.1 can be 
bundled into a new blade design. Therefore, this section is intended to set out 
the design choices leading to one or more proposals of improving the self-
starting performance in small-scale VAWTs. 
7.3.1 Design considerations 
The design of a VAWT is actually a compromise between different design 
options, concerning the parameters of operation of the system and its 
components. This implies that the appropriate selection should be made 
between the different options, taking into account their characteristics and 
their influence on other components of the system. For instance, the rotational 
speed of the turbine should be selected based on the aerodynamic 
performance criteria in order to avoid possible static and dynamic problems. 
For the purpose of this design, the most important parameters are perhaps 
the angle of attack and the chordal Reynolds number in which the blades 
operate. 
7.3.2 Design conditions 
 
The operation of small wind turbines at low tip speed ratios and light wind 
speed implies that the Reynolds number regime and the angle of attack is 
highly sensitive to unstable region with high probability of separation. This 
situation makes it difficult to choose a specific design point. Instead, there is 
a wide range of design considerations at which the design is expected to 
perform well. 
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Improving self-starting performance focuses on increasing the lift at a high 
angle of attack (maximising the term 𝐶𝑙𝑠𝑖𝑛 ∝ in Eqn. (7.1), narrowing the post 
stall region, etc. On the other hand, maximising the power coefficient 𝐶𝑝𝑚𝑎𝑥 at 
the rated wind speed focuses on decreasing the drag (minimising the term 
𝐶𝑑𝑐𝑜𝑠 ∝ in Eqn. (7.1) and avoiding dynamic stall. Based on these conditions, 
two design points can be identified, shown in Figure 7.7 (a-d), namely the 
region of negative power coefficient 𝐶𝑝 between the operating range 0.5 ≤ 𝜆 ≤
1.5 and the maximum 𝐶𝑝 at the operating range 4 ≤ 𝜆 ≤ 5. 
 
(a): Predicted angle of attack at 𝜆 =
0.5 −    1.5 (wind speed, V= 5 
m/s). 
(b): Predicted angle of attack at 
𝜆 = 4 − 5 (wind speed, V= 5 
 m/s). 
 
 (c): Variation of Reynolds number as 
a function of azimuthal position 
at  𝜆 = 0.5 − 1.5 (wind speed, 
V= 5 m/s). 
 
(d): Variation of Reynolds number 
as a function of azimuthal 
position at 𝜆 = 0.5 − 1.5 (wind 
speed, V= 5 m/s). 
 
 Figure 7.7: Predicted performance of a small-scale VAWT utilising the 
 NACA 0018 blade showing the operating conditions during start-
up. 
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7.3.3 Aerofoil profile features 
An optimum aerofoil profile is expected to possess some desirable 
characteristics which were conveniently identified by Islam et al. (2007): 
(i) Stall characteristics. In order to minimise the separation that 
results in blade stalling, it is important to ensure that the stall angle 
of the aerofoil for a fixed-pitch turbine is moderately large, 
particularly for low tip speed ratios that are usually encountered 
by straight bladed vertical axis wind turbines. A high stall angle, 
along with a high maximum lift coefficient 𝐶𝑙𝑚𝑎𝑥, enables the blade 
to generate a high starting torque during operation. For self-
starting performance, it is therefore vitally important to evaluate 
aerofoil characteristics at low Reynolds number where 
performance is severely affected. 
(ii) Performance. Aerofoil performance is assessed by the lift-drag 
ratio which refers to the amount of lift generated by an aerofoil 
compared to its drag. The overall efficiency of an aerofoil is 
estimated by the level of the lift-drag ratio. Aerofoils with a higher 
𝐶𝑙 𝐶𝑑⁄  ratio over a wide range of α generally possess higher 
aerodynamic and start-up performance by increasing the 
tangential force coefficient 𝑪𝒕.  This also implies that the minimum 
amount of drag, and the zero-lift-drag coefficient 𝐶𝑑0 should be as 
low as possible. 
(iii) Pitching moment. The pitching moment is defined as the point on 
the chord line of the aerofoil at which the pitching moment 
coefficient does not change significantly over the range of angles 
of attack α. Preferably, the aerofoil pitching moment should pitch 
nose-down (negative direction) in order to enhance the starting 
torque12. 
(iv) Drag polars. Generally, aerofoils exhibit the lowest drag over a 
narrow range of angles of attack, called the ‘‘drag bucket’’. 
                                                 
12 The main role of a pitching moment is not clearly understood. At the time 
of writing this thesis, there are arguments that the resultant pitching 
moment (normal force on the blade) does not increase starting torque. 
Consequently, attention is focussed on the tangential force. 
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Aerofoil for start-up should possess a wide drag bucket which 
invariably increases its efficiency. 
In addition to the above characteristics, Islam et al. (2007) concluded that 
the optimum aerofoil should possess the following geometric features: 
(i)  Camber. Cambered aerofoil sections exhibit superior aerodynamic 
  performance and tend to provide lift at low Reynolds numbers, 
 are less prone to roughness, possess a large stall angle and exhibit 
 stronger negative pitching moments. 
(ii) Thickness. Aerofoils with thicker blade shapes possess some 
 known advantages for small-scale SB-VAWT, including improved 
 performance, increase starting torque and increase the width of the 
 drag bucket. 
Several studies have shown that aerofoils with greater thickness 
are favourable for improving the self-starting ability of SB-VAWT. 
However, the negative aspect of increasing the thickness should 
also be considered. Sato and Sunada (1995) argued that there was 
a limit to the benefits of using very thick aerofoils at low Reynolds 
numbers. They revealed that airfoils with up to 28.5% thickness 
may not produce any valuable lift at low Reynolds numbers. 
Moreover, increasing the thickness beyond 18% is usually 
accompanied by a loss in the efficiency of the aerofoil section. 
Therefore, care must be taken when increasing aerofoil thickness 
beyond 20%.  
(iii) Large leading-trailing edge radius. Aerofoils with larger leading 
edge radii tend to exhibit higher performance for smaller scale SB-
VAWT. This characteristic enhances the performance of the 
aerofoils as it tends to increase their lift-drag ratio, particularly at 
large angles of attack (Liang et al., 2014). However, using thick 
leading edges at low Reynolds numbers is often associated with 
high pressure peaks which could affect aerodynamic performance.  
Furthermore, sharp trailing edges reduce the minimum drag 
coefficients of aerofoils and raise the lift-drag ratio. However, the 
manufacturing process of sharp trailing edges is generally difficult 
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and often associated with high costs particularly for small chord 
lengths. In addition, sharp trailing-edge thickness assists to 
mitigate blade stalling, thereby resulting in generation of more 
torque at start-up as well increase the overall performance of 
aerofoils (Ahmed, 2012, Liang et al., 2014). 
7.3.4 Design Philosophy 
 
In order to increase the starting torque for a fixed-pitch turbine, there are a 
number of factors to consider. One of the most important, perhaps, is to delay 
the point of the leading-edge separation on the aerofoil. This will be 
appropriate for start-up since it tends to decrease the post-region (see for 
example, Figure 7.2). Furthermore, at higher tip speed ratios, the aerofoil 
traverses frequently in and out of the dynamic stall region and a wide linear 
lift regime is desirable in order to reduce the effects of hysteresis. Leishman 
(2006) investigated the self-starting behaviour of a combination of NACA 0012 
and HH-02 and SC1093 rotorcraft aerofoil and revealed that most of the static 
behaviour of these aerofoils also applied to the dynamic range. This implies 
that designing for a high static lift also means that dynamic stall is delayed to 
higher angles of attack.  
Another viable option is to reduce the violent movement of laminar separation 
bubbles13. It may be possible to attempt a transition ramp, however, it is not 
certain if natural transition would occur at all during start-up. This is because 
critical amplitudes may not be attained before the trailing-edge is reached. 
This implies that the lower amplification factors, Ncrit encountered in the 
downwind cycle at the bottom of the aerofoil will cause instabilities to grow 
much faster. Therefore, different methods are required for both upwind and 
downwind cycles. 
There are several design approaches available for aerofoils. The most straight 
forward approach is by changing the specifications of an existing aerofoil 
                                                 
13 Laminar separation bubble is a phenomenon that are usually encountered 
by low Reynolds number aerofoils as a result of a strong pressure rise 
along the surface of the aerofoil, in which a laminar boundary layer 
separates and undergoes transition to turbulent and subsequently 
reattaches as a turbulent layer. 
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profile. A more advanced approach is the surface speed design routine in the 
XFOIL/ RFOIL which revolves around modifying an existing profile or 
designing a new one and can be an effective approach in reducing bubble 
drag that results in blade stalling. Therefore, a choice was made to work with 
an advance design routine in XFOIL which was introduced in Chapter 6 (see 
figure 6.3). The current version of the code, XFLRS, is integrated within the 
Qblade code to aid in the design, import and the analysis of different aerofoil 
geometries and rotor simulations based on the double multiple streamtube 
model. One of the main benefits of using the new version of the code is the 
flexibility to extrapolate the lift and drag coefficients to 360° blade rotation 
using either the Montgomery or the Viterna-corrigan post stall models. 
However, because the code was developed using a potential flow model, it 
does not converge for very high angles of attack (Marten et al., 2013). 
7.4 Evaluation of Aerofoils for self-starting  
A wide variety of aerofoils were generated in XFOIL that maximizes the lift to 
drag 𝐶𝑙 𝐶𝑑⁄  or the tangential force coefficient during a complete cycle. In order 
to select the prospective candidate aerofoils, the following series of aerofoil 
database were explored: (i) UICC database for aerofoils with low Reynolds 
numbers; (ii) NACA symmetrical and asymmetrical aerofoils; (iii) Eppler low 
Reynolds number aerofoils; (iv) NASA NLF aerofoils; and (v) Worthmann FX 
series aerofoils.  
The selection criteria was based on the desirable aerodynamic features 
discussed in Section 7.3.4. For the present case, only the experimental data 
sets for the low speed application, which are often known as low Reynolds 
number aerofoils or low speed data sets. After a preliminary assessment of 
the candidate aerofoils, seven prospective airfoils were shortlisted for initial 
assessment and comparison with the conventionally used symmetrical NACA 
0018 airfoil. Table 7.1 summaries the sources of the experimental data for the 
prospective aerofoils.  
The aerofoils were analyzed based on the following specifications: Number of 
blades = 3, wind velocity = 5 m/s, turbine diameter = 2m, rotational speed= 
18.5 rpm and chord length= 0.3m. This results in a blade Reynolds number of 
383,200. 
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Table 7.1: Selected prospective aerofoils based on the availability of 
 experimental data. 
 
7.4.1 Comparison of XFOIL results with published experimental 
data 
 
Before XFOIL was used to predict the performance of the above listed 
aerofoils, the code was compared with the available experimental results to 
demonstrate the validity of XFOIL predictions. These include the experimental 
data from Sheldahl and Klimas (1981); Trimmer (2008) and Bianchini et al. 
(2016). A default value of 9 for Ncrit, used in transition prediction was 
conservatively used. For performance comparisons, a Reynolds number 
equal to 3.0 x 105 was designated in line with the experimental data and is 
comparable to blade Reynolds number in a typical operating range of a small 
scale VAWT. Figures 7.8 depicts the lift, 𝐶𝑙 and drag 𝐶𝑑 coefficients as a 
function of angles of attack, 𝛼 for NACA 0018 aerofoil section. 
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In Figure 7.8 (a), the results show good agreement between the present study 
and the experiments in most of the lift curves, except in the stall region, where 
the stall angles are slightly different at this operating condition. For example, 
the stall angle for Bianchini et al. (2016) Sheldahl and Klimas (1981), and 
Timmer (2008) occurred at approximately 12, 8 and 11 degrees, respectively, 
while the present model stalled at an angle of 16 degrees. The stall angle is 
particularly difficult to predict accurately due to a number of factors, such as 
the aerofoil surface finish and 3D effects. Similarly, in Figure 7.7 (b) the 
present model matches very well with the experimental data, particularly up 
to approximately 12 degrees. After 12 degrees, XFOIL uses internal 
correlations to extrapolate the lift and drag coefficients and its accuracy is 
considerably reduced for the prediction of the lift and drag. 
 
It should be noted that the XFOIL prediction beyond 12 degrees angle of 
attack is significantly different from the famous data of Sheldahl and Klimas 
(1981). This was also reported by Du et al. (2014) and confirms a general 
underestimation of the lift coefficient. This data set has been frequently used 
in the past in most blade element momentum (BEM) simulations due to the 
availability of their lift, drag and moment coefficients to validate theoretical 
Figure 7.8: Performance comparison of the NACA 0018 aerofoil with the 
 available experimental data: (a) Lift as a function of the angle of 
 attack, (b) Drag as a function of the angle of attack, at a 
 Reynolds number = 300,000. 
(a) (b) 
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prediction with no proper evaluation of the validity of the data. Using such a 
data, particularly for the NACA 0018, therefore, requires extreme caution as it 
is extrapolated from experimental data for thinner aerofoil sections. The 
aerofoil section thickness has a significant impact on the performance, 
especially at the stall region, thus reducing the validity of the extrapolation at 
this region.  
 
7.5 Results and discussion  
7.5.1 Comparison of the performance of selected asymmetrical 
aerofoils 
 
Figure 7.9 show the variation of the blade tangential force coefficient 𝐶𝑡 as a 
function of the blade azimuthal positions for seven asymmetrical airfoils in 
comparison with representative symmetrical aerofoils NACA 0018. The 
angles of attack α range between −20° ≤ 𝛼 ≤ 30° and a critical amplification 
factor Ncrit = 9 was used in line with previous studies. 
For a straight bladed VAWT, the tangential force coefficient 𝐶𝑡 indicates the 
potential of the airfoil to self-start the turbine, i.e. if the tangential force 
coefficient 𝐶𝑡 is positive, the blade tends to produce a forward tangential or 
thrust force. The instantaneous torque produced by the blade can then be 
evaluated when the thrust force is multiplied by the radius (R). It can be seen 
from Figure 7.9 that the 𝐶𝑡 values for all the asymmetrical aerofoils, namely S 
1210 and S 1223, SG 6040, NACA 4415, S 8037 and DU 06-W-200 are more 
superior to the conventional NACA 0018 at Re= 383,200 for 0 ≤ 𝜃 ≤ 90.  It 
should be note that this typical operation range is highly susceptible to leading 
edge separation that results in blade stalling 
Further, the results show the tangential force coefficient for the E 193 aerofoil 
is less than the conventional NACA 0018 and is therefore excluded from 
further analysis. These results confirm the assertion by Kirke (1998) that a 
fixed-pitch SB-VAWT using certain airfoils and at low Reynolds numbers 
should reliably self-start.  
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Figure 7.9: Tangential force coefficient 𝐶𝑡   as a function of the blade azimuthal 
 position 𝜃 for  the investigated aerofoils at Re=383,200, Ncrit = 9. 
7.5.2 Stall characteristics  
At low tip speed ratio 𝛌 , the behaviour of lift and drag coefficients in the post 
stall region have serious consequences for a fixed-pitch VAWT and their lack 
of starting torque is partly due to the cyclical variation in the blade angle of 
attack α with the azimuthal position θ. Thus, the stall blades generally tend to 
contribute negatively to the driving torque so that the net work output per 
revolution may be negative for some values of 𝛌.  
Therefore, if the stall angle is increased at low tip speed ratios  λ, the starting 
torque will be improved as the blades are stalled at a smaller proportion of 
their travel path. Consequently, a large stall angle of the aerofoil sections for 
a fixed-pitch VAWT is desirable in the low Reynolds number range typically 
encountered by small-scale VAWTs in order to reduce the separation that 
occurs at low tip speed ratios.  
 
Figure 7.10 show a typical variation of the lift coefficient 𝑪𝒍 with the angle of 
attack α for the prospective aerofoil sections in comparison with the 
conventional NACA 0018 at a Reynolds number 383,200. 
 
It is clear from Figure 7.9 that the DU06-W-200 is the most superior aerofoil 
in this case with a stall angle ≈18°. This is followed by S 8037, NACA 4415, 
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S1210, S1223, SG 6040 and NACA 0018 with stall angles   of ≈ 13.7°, 14.70°, 
13. 0°, 13.0°, 14.0°, and 10.0°,  respectively.  
 
Figure 7.10: Lift coefficient 𝐶𝑙 as a function of the angle of attack for the 
 prospective aerofoils at Re=383,200, Ncrit = 9. 
These results show that the values of αstall for all asymmetrical airfoils are 
higher than for the NACA 0018 at this Reynolds number. This indicates their 
superiority in the positive angles of incidence where about 90 or 95% of the 
power of a typical wind turbine is extracted. However, at the negative angles 
of incidence, the NACA 0018 and DU06-W-200 show superior performance 
over all the other asymmetrical airfoils at the same operating conditions. This 
is expected because aerofoils encounter negative incidences in the 
downstream section of the straight-bladed (SB) VAWT where a lesser amount 
of power is extracted (Kirke, 1998).  
Furthermore, the amount of torque that an aerofoil generates in the pre-stall 
region depends on the maximum available lift from the aerofoil, i.e. if the 
aerofoil has a higher maximum lift coefficient, then more torque is expected to 
be generated, which consequently improves the starting torque of the turbine. 
Therefore, high lift 𝑪𝒍 and high stall angle αstall are desirable aerofoil features 
for a self-starting SB-VAWT. It is evident from Figure 7.9 that the maximum lift 
coefficients 𝑪𝒍 for all the investigated asymmetrical aerofoils are higher than 
for the symmetrical NACA 0018 aerofoil. 
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7.5.3 Drag polar 
 
Generally, aerofoils tend to exhibit the lowest drag over a narrow range of 
angles of attack, called the “drag bucket”, and the position of the drag bucket 
is strongly influenced by the shape of the aerofoil.  
Several studies, including Klimas (1985) and Islam et al. (2007), have 
revealed that a wide drag bucket increases the performance of VAWTs.  
It was also confirmed by Classens (2006) that an increased width of the drag 
bucket enhances the performance of a VAWT over a large range of angles of 
attack. Figure 7.11 depicts a typical drag polar curve for the prospective 
aerofoils. It can be seen that the width of the drag bucket for the DU-06-W-
200 is the largest among the analysed aerofoils and is similar to that of the 
NACA 0018. The drag polars of all the other asymmetrical aerofoils are similar 
in shape and tend to increase towards the positive lift coefficient. 
 
Figure 7.11: Lift coefficient 𝐶𝑙 as a function of the drag coefficient for the 
 prospective aerofoils at Re=383,200, Ncrit = 9. 
7.5.4 Lift-Drag Ratio   
The lift-drag ratio 𝐶𝑙 𝐶𝑑⁄  refers to the amount of lift generated by an airfoil 
compared to its drag and it demonstrates the overall efficiency of an aerofoil. 
Aerofoils with a higher  𝑪𝒍 𝑪𝒅⁄  ratio over a wide range of α generally possess 
higher aerodynamic performance as they tend to increase the tangential force 
coefficient 𝑪𝒕.  
Figure 7.12 depicts a typical performance curve of the prospective aerofoils in 
comparison with the NACA 0018.  
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Figure 7.12: Comparison of the lift-drag ratio of the prospective aerofoils in 
 comparison with the NACA 0018 at different angles of attack at Re = 
 383,200, Ncrit = 9. 
 
The results indicate that all the asymmetrical airfoils exhibit higher 𝐶𝑙 𝐶𝑑⁄  than 
the NACA 0018. Specifically, the results show that the S 1210 possesses the 
highest  𝐶𝑙 𝐶𝑑⁄   over a wide range of α, particularly at positive angles of 
incidence. At the same time, at negative angles of incidence the NACA 0018 
and DU06-W-200 could be seen as the aerofoils with the highest 𝐶𝑙 𝐶𝑑⁄  ratios. 
However, the contribution of the positive angles of incidence to the overall 
power generated by the wind turbine is much higher than those of the negative 
angles of incidence. 
7.5.5 Pitching Moment 
The pitching moment is defined as the point on the chord line of the airfoil at 
which the pitching moment coefficient does not change significantly over the 
range of angles of attack α. The nature of the airfoil pitching moment affects 
its efficiency (Kato et al., 1981).  
 
Figure 7.13 compares the performance of the investigated airfoils with the 
NACA 0018. Due to the shape of the NACA 0018, a change in angles of attack 
α does not present much change to the pitching moment.  
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Figure 7.13: Comparison of the aerofoil pitching moment coefficient as a 
 function of the angle of attack of the prospective aerofoils at Re = 
 383,200, Ncrit = 9. 
This is due to the fact that all the distributed forces on the airfoil surface 
increase in the same proportion. However, for cambered aerofoils, the 
moment’s distributed forces are non-zero even when the total lift force is zero. 
Furthermore, the results show that the pitching moment coefficient for the 
asymmetrical airfoils tends to become more negative as the angle of attack 
increases. Generally, cambered airfoils supported at the aerodynamic centre 
pitch nose-down (negative direction) and possess superior aerodynamic 
performance compared to airfoils that pitch nose-up (positive direction). 
7.5.6 Drag Coefficient 
For improved start-up performance, aerofoils are expected to have a minimum 
amount of drag, and the minimum lift-drag coefficient 𝐶𝑑0 should be as low as 
possible (Islam et al., 2007). The 𝑪𝒅𝟎 represent the value of the drag 
coefficient when the lift is zero. Figure 7.14 depicts the performance curve of 
the prospective aerofoils showing the 𝐶𝑑0 values. The results indicate that the 
DU06-W-200 and NACA 0018 exhibit the lowest possible 𝐶𝑑0. However, as 
noted earlier, symmetrical aerofoils are severely affected by roughness, which 
could impede their aerodynamic performance.  
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Figure 7.14: Comparison of drag coefficients as a function of the lift 
 coefficients of the prospective aerofoils at Re = 383,200, Ncrit = 9. 
 
7.5.7 Overall comparison of the aerofoil performance 
 
Table 7.2 shows a summary of all the desirable features of the prospective 
aerofoils for an overall comparison and rating (shown in parentheses). These 
results indicate that some of the aerofoils exhibit superior aerodynamic 
performance compared to others. However, no particular aerofoil exhibits all 
the desirable characteristics. For example, in Table 7.2, row 2, the DU06-W-
200 exhibit the most superior performance in terms of the stall angle and is 
rated (1) in parenthesis.  
Aerofoils with high stall ratings tend to delay the onset of stall at low Reynolds 
numbers. In row 3, the S 1223 produces the highest maximum lift coefficient 
at low Reynolds number and positive angles of incidence in comparison to all 
the other aerofoils under investigation. This implies that the aerofoil will be 
less susceptible to separation, which results in blade stalling. Similarly, in row 
4, the DU06-W-200 and NACA 0018 could be seen as the airfoils that exhibit 
the best minimum drag value. However, Islam, Ting and Fartaj (2007) have 
shown that the symmetrical airfoils, in particular NACA 0018, are very 
sensitive to roughness, which could affect their self-starting performance. 
Cambered airfoils, on the other hand, are not severely sensitive to roughness. 
Furthermore, in row 5, the DU06-W-200 could be seen as the aerofoil with the 
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largest drag bucket, and in row 6, the S 1210 exhibit the highest maximum 
efficiency and is rated 1. Finally, in row 7, the S 1223 possesses the best 
characteristics in terms of the large negative pitching moment.  
Table 7.2: Ratings of the investigated airfoils based on the desirable 
 aerodynamic characteristics. 
 
Aerofoil 
section 
Stall 
angle 
(Cl)max Cdo Drag 
bucket 
 (Cl/Cd) 
max 
 (Cm) min 
DU-06-W-
200 
18.00° 
(1) 
1.23 
(5) 
0.010 
(1) 
Large 
(1) 
62.00 
(4) 
-0.16 
(3) 
 
NACA 0018 10.00° 1.20 
(7) 
0.015 
(1) 
Large 
(1) 
62.00 
(4) 
-0.04 
(6) 
S 1210 13.00° 
(5) 
1.98 
(6) 
0.012 
(3) 
Medium 
(2) 
112.00 
(1) 
-0.25 
(2) 
S 1223 13.00° 
(5) 
2.27 
(1) 
0.016 
(5) 
Medium 
(2) 
91.18 
(5) 
-0.27  
(1) 
S 8037 16.70° 
(2) 
1.30 
(4) 
0.011 
(2) 
Medium 
(2) 
93.37 
(3) 
-0.10 
(5) 
SG 6040 14.00° 
(4) 
1.36 
(3) 
0.012 
(3) 
Medium 
(2) 
91.00 
(6) 
-0.14 
(3) 
NACA 4415 14.70° 
(3) 
1.46 
(2) 
0.015 
(4) 
Medium 
(2) 
94.00 
(2) 
-0.13 
(4) 
 
 (Cl)max  = maximum lift coefficient; Cdo = minimum drag coefficient; (Cl/Cd) max 
= maximum lift-drag ratio; (Cm) min = minimum pitching moment coefficient. 
The main goal of this comparison is to identify the desirable aerofoil features 
for self-starting at low wind conditions. Clearly, Table 2 shows that no 
particular aerofoil possess all the desirable characteristics to improve the 
start-up performance. Further analysis of the torque performance will reveal 
the aerofoils with the highest starting torque at low tip speed ratios λ.  
Figure 7.15 depicts the torque performance over a full blade rotation at a wind 
speed 5 m/s and rotational speed 𝜔 = 15 𝑟𝑝𝑚.  
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Figure 7.15: Torque output as a function of blade azimuthal position for the 
 prospective aerofoils at a wind speed 5 m/s, rotational speed 18.5 rpm. 
 
Two of the aerofoils, namely DU06-W-200 and S 1210, exhibit positive torque 
throughout the full blade rotation. Considering the DU06-W-200 blade, the 
torque increases with the increase of the rotor angle from 𝜃 = 0° to 𝜃 = 30° 
and then decreases to 𝜃 = 65°. Again, the rotor torque increases with the 
increase of the rotor angle up to 𝜃 = 95°. Between 𝜃 = 95° to 𝜃 = 120°, the 
rotor torque decreases. From 𝜃 = 90° to 𝜃 = 150°, the torque rises and then 
falls smoothly to a rotor angle of 𝜃 = 180°. Again, a further increase was 
observed from 𝜃 = 180° to 𝜃 = 210° before decreasing at 𝜃 = 210°. Between 
𝜃 = 240° and 𝜃 = 270°, the torque increases and decreases at 𝜃 = 300°. 
Finally, from 𝜃 = 300° the torque increases up to 𝜃 = 330° and falls sharply to 
𝜃 = 360°. Therefore, the positive torque is produced for the full rotational angle 
of the rotor. Similarly, the S 1210 exhibit the same torque behaviour 
throughout the full rotational cycle. However, the maximum torque produced 
by the S 1210 is smaller than that of the DU 06-W-200. For the other airfoils, 
the nature of the curve is opposite to that of the DU06-W-200 and S 1210. The 
difference is that the value of the torque is both positive and negative. Also, 
the results show that the torque for the DU06-W-200 is higher than that of the 
S 1210 and the other investigated aerofoils.  
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7.6 Aerofoil design 
A comparison of the different aerofoil profiles above has shown that the DU-
06-W-200 is the most promising aerofoil to improve the self-starting 
performance due to its low drag, wide drag bucket and the torque output. In 
this section, the DU-06-W-200 concept will be used as a basis to investigate 
the desirable geometric features, namely thickness and camber and the 
influence on the self-starting performance. 
7.6.1 Thickness 
The effect of thickness on the self-starting performance has already been 
discussed in Section 2.8.8. From the viewpoint of low Reynolds-number 
aerodynamics, thinner aerofoils are desirable in terms of performance since 
they tend to reduce the leading-edge suction peak. However, increasing 
aerofoil thickness increases the structural strength of the aerofoil. Figure 7.16 
shows the lift coefficient as a function of the drag coefficients for the original 
DU-06-W-200 aerofoil. 
 
The results demonstrate the effect of scaling the thickness from 19%c to 
25%c. The reduction in the drag bucket from the original concept up to 22% 
Figure 7.16: (a) Lift coefficient as a function of drag coefficients, and (b) 
 lift coefficients as a function of the angles of attack showing the 
 several variations in the thickness of the original DU-06-W-200 at 
 Re = 383,200. 
(a) (b) 
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chord is only small. However, increasing the thickness to 25% chord, results 
in a corresponding increase in the zero lift drag and a reduction in the drag 
bucket.  
The effect of increasing the thickness on self-starting performance is depicted 
in Figure 7.17. It can be seen that the increase in the thickness results in a 
greater penalty in the maximum power coefficient, 𝐶𝑝𝑚𝑎𝑥. The maximum 
power coefficient is attained at 𝐶𝑝𝑚𝑎𝑥 = 46% using a thickness of 19%.  
 
Figure 7.17: Power coefficient as a function of tip speed ratios for DU-06-W-
200 profiles with different thicknesses and Re = 383, 200. 
Figure 7.17 shows the power coefficient as a function of the tip speed ratios 
for the different thicknesses of the aerofoil and confirms what was noted by 
Classens (2006) during the design of the original concept, namely the 
maximum performance is attained when the thickness was increased to 18% 
chord, but increasing the thickness provides higher structural strength in turn 
for an acceptable loss in performance. These results, particularly at low tip 
speed ratios (start-up conditions), demonstrates what can be expected from a 
low Reynolds number operation: very low thickness are required for an 
aerofoil to be able to compensate for the drag in the post stall region. Although 
it seems that increasing the thickness to 25% chord has a slight advantage at 
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start-up, but with a penalty at the maximum attainable power coefficient. 
Clearly, Figure 7.17 shows a thickness of 19% chord appears to be a viable 
option to replace the original concept DU-06-W-200 (20%) for start-up 
operation. 
7.6.2 Fixed pitch 
Setting the aerofoil at a fixed pitch angle, 𝛾 as shown in Figure 7.18, can be 
used to reduce the angle of attack variation and ultimately assist in avoiding 
the blade from stalling. 
 
 
Figure 7.18: Schematic of an aerofoil section set under a fixed pitched angle. 
From the configuration shown in Figure 7.18, positive values of the pitch angle 
𝛾 tend to decrease the angle of attack and therefore increase the stall angle 
of the aerofoil. The angle of attack based on this configuration is expressed 
as follows: 
𝛼 = 𝜙 − 𝛾                                                                                                       (7.11)                                                                                                                         
in which 𝜙 is the inflow angle.  The blade tangential force coefficient, given by 
Eqn. (7.1), can then be expressed as follows: 
𝐶𝑡 = 𝐶𝑙𝑆𝑖𝑛𝜙 − 𝐶𝑑𝐶𝑜𝑠𝜙                                                                                  (7.12)                                                                                                             
Aiming at the effects of the blade pitch angle on the self-starting and power 
generation, a 2D simulation of a three bladed VAWT with straight blades were 
performed in Qblade and the results are shown in Figure 7.19. The simulation 
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has been carried out for pre-set pitch angles 𝛾 =
−4°, −3°, −2°, −1°, 0°, 1°, 2°, 3°, 4°  and a wind speed 𝑉 = 5 m/s. 
The results suggest that pitching out of dynamic stall can significantly enhance 
the dead-band region (see Figure 7.5a) and the maximum power coefficient 
𝐶𝑝𝑚𝑎𝑥 of the wind turbine. At 𝛾 = −4°, the 𝐶𝑝 increases with an increase in the 
tip speed ratio, 𝜆 until 𝜆 ≈ 1.8 and then decreases. The maximum power 
coefficient 𝐶𝑝𝑚𝑎𝑥 is obtained with the case 𝛾 = 4°, compared to the case 𝛾 =
−4°, where the minimum power coefficient was obtained. The start-up 
performance and maximum efficiency of the turbine at 𝛾 = 4°, is better than at 
all other pitch angles and at all tip speed ratios 𝜆. This is in line with the results 
reported by Boss (2012). To gain more understanding of this behaviour, the 
torque characteristics of the blade at  𝛾 = 4° are investigated. 
 
 
Figure 7.19: Predicted power coefficient as a function of the tip speed ratios 
 for the DU-06-200 (19% chord) aerofoil as a function of the pitch angles 
 and wind speed 5 m/s. 
From Figure 7.20a, it can be seen that for a wider range of azimuthal angles, 
the blade torque experiences a different torque. The maximum torque for the 
wind speeds 5, 7 and 9 m/s are obtained close to 90° when the blade is in 
upwind cycle where about 90-95% of the power of the turbine is extracted. It 
should be noted that the net torque for the full blade rotation is mostly positive 
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(Figure 7.20b) for both toe in (positive pitch) and toe out (negative pitch) 
angles, thus indicating that pitching can significantly eliminate the band of 
negative torque that hinders effective start-up performance compared to the 
case presented in Figure 7.4 where the net torque on the blade is negative. 
Since the aim of pitching the blade is to achieve a reliable self-start (passive 
start-up), the above analysis shows that setting the transformed  DU-06-W-20 
at a pitch angle 𝛾 = 4° tends to outperform all other pre-set pitch values. 
Based on this observation, along with the torque characteristics of the turbine, 
it is sufficient to understand the effect of pitch angle on start-up performance. 
 
7.6.3 Solidity 
 
As discussed in Section 2.8.6, rotor solidity is an extremely important 
parameter for improving the self-starting performance of a VAWT. The Rotor 
solidity defined in Eqn. (2.27), was varied by considering different chord 
lengths between 0.03 m and 0.33 m, resulting in a range of solidity values 
Figure 7.20: (a) Torque as a function of the blade azimuthal position for a three 
 bladed DU-06-W-200 (19% c) for wind speeds 5 m/s, 7 m/s, 9 m/s at a pre-
 set pitch angle 𝛾 = 4° and Reynolds number 383,200; (b) Torque 
 coefficient as a function of the   tip speed ratio for various pitch angles at 
 the same operating conditions. 
(a) (b) 
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from 0.1 to 1.0 in line with previous studies, see for example Mcintosh (2008) 
and Aslam et al. (2012). The main performance parameter considered are the 
power coefficient and the produced power. 
Figure 7.21 shows the results obtained by varying the rotor solidities on the 
turbine performance. For a cut in wind speed V=5 m/s, there are clear 
advantages in increasing the rotor solidity, particularly at the design point of 
interest (low tip speed ratios), provided an appropriate pitch angle is chosen. 
The results show that increasing the rotor solidities decreases the optimal tip 
speed ratio. For example, with a solidity in the range 0.1≤ 𝜎 ≤ 1, the DU-06-
W-600 set at a pitch angle 𝛾 = 4° appears to significantly improve the region 
of the dead-band which affects the self-starting. However, in an ideal 
operation of a small scale wind turbine, a low value of solidity is usually 
preferred to keep the blade from stalling. Therefore, setting the blade at a pitch 
angle 𝛾 = 4°, and a solidity in the range 0.1 ≤ 𝜎 ≤ 0.3 tends to be the best 
choice for maximum and start-up performance of the turbine. 
 
Figure 7.21: Predicted power coefficient for the DU-06-W-200 as a function of 
 the pitch angle 𝛾 = 4° for different solidities. 
 
Furthermore, the simulations were extended to investigate the combined 
effect of solidity, wind speed and rotational speeds. In line with previous 
studies for small-scale wind turbines, a wind speed ranging from 5 up to 13 
m/s, with a step of 2 m/s was considered for the simulation.  
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The wind turbine was assumed to be coupled with a variable speed generator, 
capable of varying the rotational speed in a range between 50 and 450 rpm in 
order to find an optimum value to maximise the power production. The results 
for a chord lengths 0.03, 0.06 and 0.10 m, representing solidity values 0.1, 0.2 
and 0.3, respectively, are shown in Figure 7.22. 
 
 
These results indicate that higher solidarity requires lower rotational speed to 
obtain the maximum amount of power produced for a wind speed range 
between 5 to 11 m/s. After 11 m/s the maximum amount of power is attained 
at a higher rotational speed, i.e.  at a solidity of 0.3, the maximum power was 
obtained at about 150 rpm, 280 rpm, 320 rpm and 430 rpm for the wind speeds 
Figure 7.22: Predicted power as a function of the rotor rotational speed 
 with respect to wind speed and pitch angle 𝛾 = 4° ; (a) chord length 
 c = 0.03m (𝜎 = 0.1), (b) c = 0.06m (𝜎 = 0.2) and c = 0.1m (𝜎 = 0.3). 
(a) 
(b) 
(c) 
216 
 
5, 7, 9, 11, and 13 m/s, respectively. Moreover, a slight reduction in the rotor 
efficiency with an increase of rotor solidity can be observed for low wind 
speeds between 5 to 9. 5 m/s as shown in Figure 7.23. 
 
Figure 7.23: Predicted maximum power as a function of both wind speed and 
 rotor solidity. 
 
 
Figure 7.24: Power coefficient as a function of both rotor rotational speed 
 and wind speed, (a) chord length 𝑐 = 0.03m (𝜎 = 0.1), (b) 𝑐 = 0.06m 
 (𝜎 = 0.2) and 𝑐 = 0.1m (𝜎 = 0.3). 
 
(a) (b) 
(c) 
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From the comparisons between Figure 7.22 (a-c), it can be observed that for 
low solidity the power curve appears to be flat close to its maximum output. 
This allows the turbine to achieve initial start-up since the rotational speed can 
easily be adjusted. This is more visible through the power coefficient, 𝐶𝑝 as a 
functions of rotational speed, 𝜔 curve shown in Figure 7.24. 
7.6.4 Final design 
 
The initial design with a fixed symmetrical NACA 0018 blade is not capable of 
self-starting due to the fact that the angle of attack is above the stall angle 
which results in low lift and high drag and makes the tangential force 
coefficient 𝐶𝑡 negative. 
 
The final design, see Figure 7.25 is based on a standard DU-06-W-200 
transformed so that its camber line follows an arc of a cycle such that the ratio 
of the aerofoil’s chord to cycle radius 𝑐 𝑅⁄  ratio is 0.03. This is referred to as 
the present design to avoid confusion between the two aerofoils. This 
configuration appears to significantly improve the start-up performance. 
 The final design yields the following design configurations: 
(i) Self-starting performance: transformed DU-06-W-200  𝑐 𝑅⁄  = 0.03; 
thickness = 19.6% 𝑐 (upper surface) and maximum 𝑥 − 𝑝𝑜𝑠 = 
30.90% 𝑐, solidity 𝜎 = 0.10, 𝛾 = 0° . 
(ii)  Maximum power: solidity 𝜎 = 0.20,  𝛾 = 4°. 
(a) Transformed aerofoil  
     c/R = 0. 0.03.  
 
(b) The original and the transformed 
 profiles. 
Figure 7.25: Schematic of the investigated aerofoils. (a) Final shape of the 
 transformed aerofoil section. (b) The original and the transformed 
 profiles. The blue represents the original aerofoil shape while the 
 black represents the transformed aerofoil. 
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7.7 Design proposal 
The initial design process presented in Section 7.5 revealed that none of the 
XFOIL generated aerofoils posses all the desirable features to facilitate 
passive start-up. The results, which are in line with previous studies,  revealed 
that a small VAWT fitted with a conventional NACA 0018 requires the designer 
to focus on avenues of reducing the blade angle of attack.  The design process 
aimed to improve the start-up performance in the previous sections led to two 
main design configurations, namely the design for improved start-up and the 
design for the maximum power production.  
In the following sections, the design proposals are presented in greater detail. 
7.7.1 Improved start-up performance 
Designing for start-up performance is aimed at achieving self-starting at a 
projected cut in wind speed. The final design is based on the transformed 
aerofoil section DU-06-W-200. In order to boost the starting torque, a low 
solidity 𝜎 = 0.10 and pre-set pitch angle 𝛾 = 0° were selected. The torque 
comparison and performance prediction at a wind speed 5 m/s, between the 
fixed blade (NACA 0018) and the pre-set pitch of the present design, shown 
in Figures 7.26 and 7.27 demonstrates that self-starting can be achieved. It is 
clear from Figure 7.24 that the produced torque for the pre-set pitch 
configuration is high enough to facilitate passive start-up whereas this is not 
possible with the fixed pitch case where the produced torque is mostly 
negative. The resultant effect of the present design on the VAWT is shown in 
Figure 7.27. 
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Figure 7.26: The torque as a function of the rotational speed for the fixed of 
 NACA 0018, and the pre-set pitched-blade for the DU-06-W-200 rotors. 
 
Figure 7.27: Predicted performance of start-up and maximum power 
 configuration at a cut in wind speed of 5 m/s. 
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7.7.2 Maximum power performance 
 
The configuration for the maximum power performance was designed by 
keeping the aerofoil and most of the design parameters the same from the 
start-up configuration. Only the chord length and solidity were adjusted in 
order to increase the stall angle of attack at low tip speed ratios and ultimately 
increase the overall performance of the turbine. This configuration is 
particularly suitable for the condition at the rated wind speed. The result is a 
power curve, see Figure 7.28, which shows a significant improvement from 
the previous configuration.  
 
Figure 7.28: Predicted power as a function of the wind speed and the rotor 
 solidity for start-up (𝑐 = 0.03m, 𝜎 = 0.1), and maximum power 
 configurations (𝑐 = 0.06  m, 𝜎 = 0.2). 
 
However, it should be noted that the enhancement is at the cost of 
performance at the nominal operating conditions. 
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Table 7.3 summarises the main characteristics for the start-up and maximum 
 power configuration. 
 
Table 7.3: Characteristics for improved start-up and maximum power 
configuration. 
Operating conditions Start-up  
configuration 
Maximum power  
Aerofoil geometry Transformed 
 DU-06-W-200  
(19% chord) 
Transformed  
DU-06-W-200 
(19% chord) 
Pitch angle 0° +4° 
Upper transition  0.074 0.074 
Lower transition 0.929 0.929 
Rotor solidity 0.1 0.2 
Number of blade  3 3 
Chord length (m) 0.03  0.06 
Rotational speed min   50 50 
Rotational speed max   450 450 
Turbine max height (m) 4.5  4.5 
Diameter (m) 2 2 
Rotor swept area (m2) 9 9 
Maximum Cp 0.35 0.41 
Rated power  (kW) 1.2  2.2 
 
7.7.3 Comparison with NACA 0018 and the original DU-06-W-200 
The calculated 𝑐𝑝 as a function of the tip speed ratios for the DU-06-W-200, 
NACA 0018 and the transformed aerofoil are visualised in Figure 7.29.  
A minimum wind speed 5 m/s based on the site wind resource in Chapter 5 
m/s was used for the simulation. The shaded region indicate where the 
transformed aerofoil outperforms the NACA 0018 and the original DU-06-W-
200. The results indicate that the blade operating with the transformed aerofoil 
provides a much higher power coefficient at low tip speed ratios.  
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It should be noted that the NACA 0018 has a large deep (dead-band) of 
negative power coefficient 𝐶𝑝, which prevents the turbine to reliably self-start. 
This implies that extra energy is required to bring the turbine to an operating 
speed during the start-up operation.  
 
 
Figure 7.29: Power coefficient as a function of the tip speed ratio for the 
 hypothetical  three bladed rotor with chord length 𝑐 = 0.03, 𝑅 = 1 and 
 wind speed = 5 m/s using either the DU-06-W-200, the present design 
 (transformed DU-06-W-200) or the NACA 0018 aerofoil.  
 
 
The reverse is the case when using either the old DU-06-W-200 or the 
transformed aerofoil where the turbine is capable of self-starting at low values 
of the tip speed ratios. For example, the 𝐶𝑝𝑚𝑎𝑥 for the transformed aerofoil, 
the DU-06-W-200 and the NACA 0018 at 𝜆 = 3, are approximately 22%, 15% 
and 7%, respectively. However, at higher tip speed ratios the results indicate 
that the DU-06-W-200 outperforms the transformed aerofoil. This is 
presumably due to a high 𝑐 𝑅⁄  ratio of the aerofoil profile. This clearly 
demonstrates a significant improvement over the conventional NACA 0018 
aerofoil. 
The transformed aerofoil has 1.6% thickness which is expected to provide 
higher structural strength. This means that the rotor can operate at high wind 
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speeds. Furthermore, the performance of the transformed aerofoil is 
significantly higher at low tip speed ratios. This implies that the aerofoil is 
capable of operating at lower rotational speeds while still producing adequate 
power. This is particularly beneficial since the aerodynamic forces on the 
blade will be substantially reduced, thus eliminating the dangers of failure. 
7.8 Summary 
The main aim of this chapter was to examine the self-starting performance of 
a small-scale Darrieus turbine and to find cost effective and suitable solution 
strategies that could be used to improve the performance of the turbine at low 
tip speed ratios.   
To achieve this aim, a start-up analysis was performed in order to identify the 
problems and variables that hinders the turbine from reliable self-start. It 
became clear that the combinations of small chord lengths, low tip speed 
ratios and wind speeds lead to low Reynolds number well below 105. This low-
range Reynolds number results in undesirable complex flow characteristics 
that influence the stalling behaviour of the turbine, thus resulting in a deep 
negative power curve (𝐶𝑝- 𝜆 curve). The solution to this problem generally 
have to do with improving the aerofoil performance at low Reynolds numbers 
(< 105), or finding other cost effective strategies of increasing the starting 
torque. Bearing this in mind, seven potential aerofoils configurations were 
generated in XFOIL along with the conversional symmetrical aerofoil NACA 
0018.  
A computational analysis based on the potential flow model was used to 
simulate the performance of these aerofoils based on an operating chordal 
length 0.3m and an average wind speed (5 m/s) based on the resource 
assessment in Chapter 5. The results indicate that the traditionally used NACA 
0018 aerofoil lacks the desirable aerodynamic characteristics suitable for 
improving the self-starting problem of straight bladed VAWTs. Hence the need 
for a low-speed asymmetrical aerofoil that possesses high lift and low drag. 
Further, the results indicate that no particular aerofoil exhibits all the desirable 
characteristics for self-starting. However, two aerofoils, namely the DU-06-W-
200 and S 1210 showed exceptional aerodynamic performance. In particular, 
the DU06-W-200 exhibited a higher starting torque and was subjected to 
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further re-design. This lead to two design proposals, namely design for start-
up (𝜆 ≈ 0.5 − 1.5) and maximum power production (𝜆 ≈ 3 − 5).  The design 
process involved the modification of the original DU-06-W-200 aerofoil shape 
and evaluating its performance. Furthermore, two main design parameters, 
namely the pitch angle 𝛾 and rotor solidity 𝜎 tend to significantly affect the 
conditions in which the transformed aerofoils have to operate and are 
incorporated into the final design.  The final design was optimised by adjusting 
the camber and thickness and the performance are then compared with the 
conventional NACA 0018 aerofoil and the original design. The important point 
in the design process and some final thoughts will be disused in Chapter 8.  
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Chapter 8: Overall conclusions and suggestions for future 
research 
 
The potential for the production of renewable energy through small-scale wind 
turbines has increased globally in recent years due to the desire to 
decarbonise the electricity sector and the need to diversify fuel sources to 
enhance energy security. In the UK, the small-scale wind industry is growing 
at a fast rate and it is mainly driven by a good wind resource and financial 
incentives under the Feed-in Tariff system. However, in order to maximise 
electricity production and carbon savings, as well as increase the confidence 
in the technology, it is important to utilise systematic approaches in assessing 
the wind resource for potential wind turbine sites. Although robust and 
advanced assessment approaches are usually utilised in the large-scale 
industries, these approaches are often associated with high cost and longer 
timescales and thus may not be economical in the context of small-scale wind 
industry. Hence, there is an urgent need for cost effective approaches that are 
capable of accurately assessing the available wind resources for potential 
installation of small-scale wind turbines. 
While the research into large-scale wind resource assessment has received 
tremendous attention over the years, there is little research performed on 
small-scale wind resource assessment and installations. A good number of 
researchers have focussed on analytical models using either scaling or fluid 
flow approaches to evaluate the wind flow over buildings and rough surfaces.  
Undoubtedly, these studies have significantly contributed to new 
developments but there has been a need to assess the accuracy of analytical 
models in predicting the wind resource in different terrains. 
Furthermore, there has been a lack of research on data-driven wind resource 
assessment, particularly with regards to short measurement periods for small-
scale wind energy despite their promising prospects to accurately predict the 
long-term wind resource of potential sites. In addition, site specific wind 
turbine designs that incorporate self-starting capabilities have received very 
little attention in the context of small-scale wind energy. 
The work described in this thesis is focused on finding solutions to these 
issues by considering two main approaches to small-scale wind resource 
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assessment, namely (i) an analytical model based on the principles of the 
boundary layer meteorology, and (ii) a Measure-Correlate-Predict (MCP) 
approach based on short-term onsite measurements  to predict the long-
term wind resource. 
The main aim of this thesis is to develop a cost effective methodology that is 
capable of predicting the wind resource with reasonable accuracy and to gain 
a deep understanding of the likely uncertainties associated with the analytical 
model and those based on the onsite-data measurements. 
Chapter 4 of this thesis focuses on a performance evaluation of the 
methodology based on a modified boundary layer scaling model using long-
term reference data from four sites. However, due to the uncertainties 
associated with the methodology, as demonstrated in the magnitude of the 
average errors in the predicted wind resource, it was suggested that such 
models are better applied to identify potential viable sites for further 
investigations. Chapter 5 explores the potentials of obtaining a better 
prediction based on a data-driven, Measure-Correlate-Predict (MCP) 
approach at a specific target site using short-term measurements. The results 
revealed that while the short-term onsite measurements may be subject to 
seasonal variations, the approach tends to provide more reliable estimates of 
the long-term wind resource. Direct comparison of the results obtained with 
the boundary layer approach shows significant improvement in the predicted 
wind resource using the MCP approach. Based on the success achieved in 
predicting the wind resource, energy production estimates and economic 
feasibility of installing a small-scale wind turbine were made. The promising 
results led to the design of small-scale wind turbine at the target site. Finally, 
in Chapters 6 and 7, a double multiple streamtube model, along with a 2D 
panel model was applied to evaluate the performance of small-scale turbines 
incorporating self-starting capabilities. Based on the performance results, a 
design proposal to improve the self-starting and maximum performance of 
small-scale vertical axis wind turbines were bundled into an aerofoil design. 
The results show a significant improvement over similar design with 
symmetrical aerofoils. Overall, these results offer a cost effective choice to 
small-scale wind energy developers to assess the available wind resource, 
along with the knowledge of the uncertainties associated with each method. 
227 
 
In addition, the results from the design show that self-starting and maximum 
performance at low tip speed ratios of a small-scale VAWT can be significantly 
improved using a combination of a cambered aerofoil, pitch angle and suitable 
solidity. 
8.1 Research outcomes 
8.1.1 Boundary layer model 
A modified analytical model based on the principle of the boundary layer 
meteorology, originally developed by the UK Meteorological Office, was 
evaluated in Chapter 4 in terms of its feasibility to predict the wind resource 
potentials (spatially averaged mean wind speed and wind power density). This 
methodology is promising because it can be implemented using surface 
roughness parameters at a reference climatology without necessarily 
conducting an expensive onsite measurement campaign or without a detailed 
knowledge of the site specifications. The methodology can be used to quickly 
assess the wind resource potential of multiple sites at any geographical 
location. However, the results from four potential wind turbine sites show large 
site specific errors and this is mainly due to the choice of the input data, 
namely the choice of the local aerodynamic parameter and the Weibull shape 
factor, thus highlighting topics for further investigations of the prediction 
methodology. Despite these uncertainties, the methodology tends to be 
particularly useful when applied to screen for viable sites using a predefined 
viability criterion. Using this approach will ensure that time and money are not 
wasted on non-viable sites. As a benchmark, the methodology was compared 
with a currently used NOABL-MCS approach applied at ten potential sites to 
screen for viability. The results show that the methodology outperformed the 
NOABL-MCS approach. 
8.1.2 MCP approaches  
The limitations and uncertainties associated with the boundary layer 
methodology led to the evaluation of a data-driven Measure-Correlate-Predict 
techniques in Chapter 5. This approach utilises short-term onsite 
measurement periods obtained from a specific site. Two linear MCP 
approaches, namely linear regression and variance ratio were assessed in 
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terms of their feasibility to predict the wind resource over a 15 years period 
using 12 months onsite measurements and long term correlation to a 
reference climatology.  The results obtained using the data-driven MCP 
approaches showed significant improvements in the accuracy of the predicted 
wind resource compared to the boundary layer approach. Furthermore, the 
implemented MCP approaches shows that no clear differences in the 
predicted wind speeds. However, the linear regression approach resulted in a 
more accurate prediction of the wind power density compared to the variance 
ratio and boundary layer approaches, respectively. Seasonal variabilities in 
the reference and target sites were observed to have a strong influence on 
the magnitudes and directions of the predicted errors with the most accurate 
predictions obtained when onsite measurements were acquired during the 
winter or spring seasons. A significant improvement in the error of the 
predicted wind power density of 24.9% was observed using these seasons to 
conduct onsite measurements. These results clearly demonstrate that even 
with very short onsite measurements that significant improvements can be 
added to the wind resource assessment technique, thus justifying the 
additional time and resources during the measurement campaign periods.  
8.2 Design for self-starting improvement 
Based on the successful prediction of the long-term wind resource, as 
characterised by the mean wind speeds, distribution of the wind speeds and 
the wind power density, a small-scale wind turbine was designed for the 
purpose of facilitating a passive start-up in Chapters 6 and 7. The major 
findings can be found in the following subsections. 
8.2.1 Failure to achieve self-starting 
The inability of a small-scale fixed-pitch VAWT to achieve self-starting is due 
to the combination of several factors which are summarised as follows: 
 In a given range of tip speed ratios,  1 ≤ 𝜆 ≤1.7, the blade encounters 
a wide range of angles of attack, 𝛼. As a result of this, the aerofoils are 
frequently pushed far beyond the point of stall. The resulting tangential 
force coefficient, 𝐶𝑡 is mainly negative over the operational cycle of the 
turbine thus leading to a net negative torque. The net effect of this 
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behaviour results in a dip in the power curve (power coefficient, 𝐶𝑝  vs 
tip speed ratio,), often known in the literature as the dead-band. 
 The term small-scale implies the combination of small chord lengths 
and low or intermediate wind speeds which ultimately results in low 
Reynolds numbers well below 105. Unfortunately, the conventional 
symmetrical aerofoils that are widely used for VAWT applications 
perform poorly in this range of Reynolds number. Specifically, the 
aerofoil performance at this Reynolds number severely decreases the 
lift-drag ratio, 𝐶𝑙 𝐶𝑑⁄  and consequently lowers the aerofoil stall angle. 
8.2.2 Summary of ways to achieve self-starting 
Generally, any solution aimed at eliminating the self-starting problem will 
mostly focus on improving the aerofoil performance at low Reynolds numbers 
(Re < 105) or exploring any other viable option of increasing the torque. 
Section 2.8 discusses several solution strategies to self-starting performance. 
Some of these strategies are worth highlighting again. 
 A Savonius auxiliary rotor can add a significant amount of torque at low 
tip speed ratios and consequently aids in the self-starting of a fixed 
pitch turbine. However, there is a penalty to pay for this configuration. 
Firstly, adding an extra structure ultimately increases the overall cost 
of the turbine as well as adds more complexity to the structure of the 
turbine. Secondly, the tower will have to be stronger and there will be 
a huge impact on the appearance of the configuration. Perhaps, the 
most important consideration in this sort of configuration is the 
possibility of combining the tip speed ratios of the two rotors. For 
example, the maximum power coefficient, 𝐶𝑝  for a Savonius rotor is 
usually attained at a tip speed ratios, 𝜆 ≈ 0.7-0.8, whereas the dead-
band region of typical VAWTs often occurs in the range 1 ≤ 𝜆 ≤1.7. In 
this situation, combining the two rotors may lead to an inefficient 
design. 
 Using cambered aerofoil profiles with low minimum drag (𝐶𝑑𝑜) such as 
the DU-06-W-200 at low values of Re tends to improve the 
performance of the turbine inside the dead-band region. This option, 
with appropriate thicknesses and solidities, appears to offer the best 
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combination of acceptable self-starting torque and maximum power 
performance with simplicity and low cost. 
 Implementing a pitch-system is perhaps one of the most effective 
approaches to eliminate self-starting problems. This systems reduces 
the angle of attack and prevents the blade from stalling. 
8.2.3 Design proposals for an efficient and economical self-
starting of a small-scale VAWT 
In chapter 7, a wide range of cambered aerofoils were generated and 
compared with a widely used symmetrical aerofoil NACA 0018 using a 2D 
panel method code. After a detailed evaluation of these aerofoils, it 
became clear that the symmetrical section performs poorly at low Re and 
the cambered sections, particularly the DU-06-W-200 possess exceptional 
starting characteristics and are to be preferred for small-scale VAWTs. 
During the design process, several important features revealed the key 
requirements for an efficient and economical self-starting of a small 
Darrieus VAWTs. These factors are discussed as follows: 
 A 2D panel model code XFOIL is a suitable tool for aerofoil design 
that have to satisfy many different design requirements. For a self-
starting turbine, the rotor solidity and the pitch angle tends to 
strongly affect the conditions in which the aerofoils operate and 
these were included in the final design process. 
 A new transformed DU-06-W-200 aerofoil was generated to 
accomplish two main design configurations: design for start-up and 
design for maximum power performance.  Both design 
configurations were scaled to a thickness, 𝑡 = 19%𝑐.  
 Setting the aerofoil under a pre-set pitch angle was found to greatly 
improve the power coefficient and self-starting performance and 
this is verified in Section 7.6.2. 
 The start-up configuration was achieved using the transformed DU-
06-W-200 aerofoil with the following specifications: 𝑐 𝑅⁄ =0.03, 𝑡 =
19.6%𝑐 (upper surface) and maximum 𝑥 − 𝑝𝑜𝑠=30.9 %c, 
respectively. In addition, a low solidity  𝜎 = 0.1 and a zero pre-set 
pitch angle, 𝛾 appears to give the best performance. Higher 
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solidities tend to result in a power coefficient higher than the Betz 
limit.  
 Performance predications based on this configuration revealed that 
a small wind turbine of 2 m diameter with 3 blades of 0.03 m chord 
would reliably self-start in 5 m/s and achieve a maximum power 
coefficient, 𝐶𝑝𝑚𝑎𝑥  0.35 (see Section 7.7.1). 
 The configuration for maximum power was achieved using the 
same specifications as the start-up but with a solidity, 𝜎 = 0.2 and 
pitch angle 𝛾 = 4˚. For this case, the maximum power coefficient 
was attained at 𝐶𝑝𝑚𝑎𝑥 = 0.43, but also showed good performance at 
rated tip speed ratios (see Section 7.7.1). 
8.2.4 A cautionary note 
The goal of this thesis is two fold: (i) To develop cost effective and indirect 
methods capable of predicting the long-term wind resource without 
necessarily undertaking long-term measurement campaigns. This choice was 
largely motivated by the fact that undertaking such measurements in recent 
years has proved to be increasingly time consuming and expensive, and may 
not be easily realisable except in cases where huge investments are to be 
made. The systematic application of these methods, applied with the full 
knowledge of their limitations and risks, is certainly better than excluding 
potential wind turbine sites. However, it should be borne in mind that wind 
resource assessment based on these methods is subject to uncertainties in 
the long-term measurement campaigns techniques. Furthermore, they tend to 
result in bias and must be applied with extreme caution. It should be 
emphasised that these methods are not a substitute to direct long-term 
measurement campaigns, if such a campaign is financially feasible. Rather, 
they are intended to provide valuable site characterisation where direct onsite 
measurements are practically impossible due to the impact on the total 
investment costs.  
(ii) Design a Darrieus-type small-scale VAWT based on the site’s wind 
resource (i.e. the maximum attainable wind speed based on the site wind 
resource assessment was used as an input into the analytical model) that 
allows the turbine to reliably self-starting at low tip speed ratios. This is 
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motivated by the fact that the Darrieus turbines have higher power potential 
than the horizontal axis wind turbines and their increasing demand in recent 
years for small-scale and domestic energy production. However, they suffer 
from one major drawback, and this is their inability to self-start. If, as has been 
argued by a large number of researchers, they require an external mechanism 
to bring them to an operating speed, then much of their advantage is lost. 
During the design process, it became clear that achieving self-starting entails 
that some of the design choices are complicated and hence have to be 
dropped. Presumably, the most effective solution to achieve self-starting are: 
 Variable-pitch design: This design, if implemented correctly will give 
complete control of the blade angle of attacks. However, designing 
such a system is relatively complex but not impossible, and therefore 
more expensive in the context of small-scale wind turbines. 
 Hybrid configuration of the Darrieus-Savonious rotor: The combination 
of Darrieus and Savonoius rotors certainly exhibits high starting torque 
and power coefficient at low speeds, but such design poses a threat to 
the essential aesthetics and it is often difficult to combine the tip speed 
ratios of the two rotors. In addition, this configuration tends to increase 
the mass moment of inertia, and consequently restricts the rotational 
acceleration of the turbine. 
 High solidity rotors: Using high solidity rotors clearly results in a 
significant increase in the Reynolds number and the torque at low 
operating speeds. However, the blade regularly encounters stall. 
Based on the above discussion, it was decided to redesign an existing aerofoil 
that has shown significant improved self-starting characteristics by setting 
appropriate design parameters such as solidity, thickness and pitch angles. 
The design results showed that self-starting can be achieved in a small-scale 
VAWT. Still, without comparison to actual real-life cases, the improvements at 
low tip speed ratios remains merely an estimation. This implies that the design 
proposals presented in this thesis for start-up operations is not fully 
guaranteed to reliably self-start in real life situations. 
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8.3 Limitations and recommendations for further research 
opportunities  
Throughout the body of this thesis, several limitations and a number of 
additional research opportunities were identified. These are discussed in the 
following sections. 
8.3.1 Boundary layer model 
The boundary layer model implemented in Chapter 4 has several limitations 
which are related to the restriction that such an approach should be capable 
of rapid application at multiple sites without detailed knowledge of the site 
information.  
The problem with such a method is that the surface roughness parameters 
must be deduced from the regional land cover data and the estimates of the 
local site characteristics. The evaluation of the model in Chapter 4 indicates 
that the wind resource assessment is very sensitive to the values of the 
surface roughness parameters. For instance, a site located near some 
buildings entail that the local parameters will be subject to uncertainties due 
to the changes in the building height, density as well as the roughness 
elements that cannot be easily captured by simple site categorisation. 
Small-scale perturbations to the mean wind flow due to the local obstructions, 
and the effects of local orography on a smaller scale than the resolution of the 
reference site may present additional errors. Another source of uncertainty 
worthy of mention is the surface parameter on a regional scale, such as the 
regional displacement height.  This data is usually assumed to be the highest 
of the displacement heights from the land cover data in the region, an 
assumption that could result in overestimates of the wind resource, particularly 
with regions characterised by heterogeneous land cover. Interestingly, a 
number of these draw backs can be improved upon if the methodology is 
applied in a site-specific context, where detailed site information is taken into 
consideration. However, this will mean that some of the advantages of the 
approach is lost. An interesting topic worthy of further research is to explore 
the impact of detailed local site information on the applicability of the 
methodology. Although, this was considered in the build environment by 
Millward-Hopkins (2013) using detailed building information in an urban area. 
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Furthermore, the analysis in Chapter 4 revealed that the uncertainties arising 
from the estimation of the Weibull parameters is an additional possible source 
of a small error. However, this could be improved upon by using wind atlas 
data that includes high resolution estimates of these parameters. 
8.3.2 MCP approaches 
A major limitation of the MCP methods implemented in Chapter 5 is the use 
of a single reference data and site. Uncertainties from data-driven MCP 
approach tends to be more of the sources of data than the MCP method. Thus, 
a topic worthy of further research is to explore the degree of uncertainty using 
multiple non similar reference data. This has never done before presumably, 
due to the lack of interest into the research of small-scale wind resource 
assessment. The majority of researchers in the wind energy industry have 
focused on large-scale wind assessment.  
Also, it will be informative to investigate the impact of different terrain types on 
the performance of the short-term onsite data on the MCP approaches. Using 
multiple reference sites at different terrain can be used to check for 
consistency of the methodology.  
 A further limitation of the MCP approaches in the current work is the use of 
hourly averages of the wind speeds and directions. Wind speeds and 
directions vary strongly on shorter timescales and this could have a significant 
impact on the wind power production. Thus, it will be useful to investigate 
whether the MCP approaches implemented in the current study are better able 
to capture these variations. However, one major barrier to undertaking such 
investigations is the lack of reference/target site wind data with high temporary 
resolutions. 
 The current study was also limited to two linear MCP approaches utilising a 
single input of the reference site wind speeds. Hence, there is scope to assess 
and compare several different MCP approaches that have been proposed in 
the literature, such as the Gaussian process regression and Weibull 
parameter scaling, etc. using data from multiple reference sites. Such a study 
could be used to check for sensitivity and as a benchmark against which new 
MCP approaches could be developed. 
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8.3.3 Design for a self-starting vertical axis wind turbine 
The design presented in Chapters 6 and 7 utilise a multiplatform design code 
which comprises a vortex panel model and a double multiple streamtube 
model. The results of these design tools were combined to make predictions 
of the wind turbine performance. Several simplifications were adopted for this 
to work (see Section 6.4.2).  
A clear issue with such an approach is that the aerofoil design and analysis is 
limited to the prediction of the lift and drag coefficients at angles that lie before, 
or just after, stall.  At higher angles of attack, these simplifications becomes 
increasingly invalid, and convergence cannot be obtained anymore. In 
addition, these models do not account for three-dimensional or unsteady 
effects. Therefore, there is scope for the use of advanced models, such as 
CFD for the computations of the blade performance for the complete angles 
of attack range as well as 3D effects. The combination of an unsteady Panel 
method code, coupled with an integral Boundary Layer Equation solver, could 
potentially be a viable solution for the aforementioned limitations, at least for 
moderate angles of attack on the performance regions. The use of CFD 
models will be considered in the future works. 
A further limitation is the values of the critical amplification factor, Ncrit  which 
were estimated in order to make a distinction between the upwind and 
downwind half cycles. A wind tunnel experiment is therefore proposed to 
obtain more accurate and reliable data to validate the simulations. In addition, 
it would be useful to perform a field performance measurement of small-scale 
wind turbine utilising cambered sections with low minimum drag, high lift-drag 
ratio and high stall angles at low Reynolds numbers. Such a test will increase 
the understanding of small-scale wind turbines before they can be fully utilised 
and deployed in decentralised power generations. 
8.4 Research impacts 
The contribution of the work presented in this thesis can be used as a step 
towards developing a systematic low-cost methodology to wind resource 
assessment in the context of small-scale wind energy. 
The boundary layer model presented in Chapter 4 offers a low cost 
methodology that can be used in assessing the wind resource potential at a 
wide range of sites against a defined viability criterion. The model output 
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revealed an improved wind resource performance compared to the widely 
used NOABL-MCS approach. Furthermore, the results revealed the likely 
uncertainties associated with the implementation of the methodology, which 
should be used as a guide to make investment decisions.  
To reduce these uncertainties, the MCP approaches evaluated in Chapter 5 
can be used. Results based on these approaches indicate lower uncertainties 
in the predicted wind resources. The analysis of the error metrics as a function 
of the training seasons can be used to assess the added value of onsite 
measurements as well as the most appropriate seasons in which to conduct 
measurement campaigns. This will enable small-scale wind energy 
developers and investors to identify the most suitable assessment technique 
to apply, subject to the availability of time and funds. 
Overall, it is envisaged that the wind resource assessment methodologies 
developed in Chapters 4 and 5 could be combined to develop a rapid and 
systematic approach to small-scale wind resource assessment. As a 
minimum, a boundary layer methodology should be deployed to screen for 
viable sites against a defined viability criterion. This would give an indication 
of the resource potentials as well as the likely associated uncertainties, as 
described in Chapter 4. Based on this preliminary screening, and the scale of 
the investment, the most promising sites could be identified for further 
evaluation by conducting short-term onsite measurements and long-term 
correlation using the best performing MCP approach described in Chapter 5. 
This would guarantee a more reliable power projection. Following this 
procedure will reduce the likelihood of installing small-scale wind turbines in 
non-viable sites that do not spin and ultimately maximises the investment 
decisions by reducing the financial risk associated with wind resource 
assessments that are often time consuming and expensive. 
In addition, the design of a small-scale vertical axis wind turbine based on the 
Darrieus principles demonstrate that self-starting can be achieved. This is an 
interesting finding because the inability of the conventional Darrieus turbine 
has limited its application, particularly in decentralised power applications. 
Thus, if a small-scale vertical wind turbine with self-starting capabilities can 
be manufactured at a relatively lower cost than the widely used horizontal axis 
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wind turbines, a resurgent of interest and confidence in this class of turbine 
could occur. 
8.4.1 The big picture 
Overall, despite the promising prospects of the UK small-scale wind resource, 
the future projections of generated energy from small-scale wind turbines 
indicate that only a small part of the total energy use will be required from low 
carbon sources. However, wind turbines have become a key player in the 
future of renewable energy, and hence, a strongly growing small-scale wind 
industry has the potential to reduce our energy and environmental problems 
and contribute to the awareness of new energy systems. Clearly, the growing 
concern around poorly designed and sitting of wind turbines in non-viable sites 
as well as other environmental impacts are some of the reasons why people 
tend to reject wind energy. Thus, stakeholders and developers in the small-
scale wind industry should ensure that the best available approaches are 
adopted in the assessment of potential sites in order to design and install 
turbines at appropriate sites and with a full understanding of the associated 
uncertainties inherent in such approaches as well as the limitations of the 
design codes. 
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Appendix I 
(a) Wind roses for every month of the year 2015 at 10 m for Beighton site. 
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(b) Wind frequency for every month of the year 2015 at 10 m for Beighton site. 
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Appendix II: Photographs of the experimental set up 
 
 
(a): The wind sensors clamped on a mast at the PACT site, Beighton. 
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(c): The Vontage PRO 2 data receiver and recorder 
 
 
 
 
(d): LCD monitor where the data are captured 
 
 
 
 
 
 
